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Abstract

Ursolic acid (UA) is a triterpenoid phytochemical with strong anti-cancer effect. The metabolic
rewiring, epigenetic reprogramming and chemopreventive effect of UA in prostate cancer

(PCa) remain unknown. Herein, we investigated the efficacy of UA in PCa xenograft, and its
biological effects on cellular metabolism, DNA methylation, and transcriptomic using multi-omics
approaches. The metabolomics was quantified by liquid-chromatography mass-spectrometry (LC-
MS) while epigenomic CpG methylation in parallel with transcriptomic gene expression was
studied by next-generation sequencing technologies. UA administration attenuated the growth

of transplanted human VVCaP-Luc cells in immunodeficient mice. UA regulated several cellular
metabolites and metabolism-related signaling pathways including S-adenosylmethionine (SAM),
methionine, glucose 6-phosphate, CDP-choline, phosphatidylcholine biosynthesis, glycolysis,

and nucleotide sugars metabolism. RNA-seq analyses revealed UA regulated several signaling
pathways, including CXCRA4 signaling, cancer metastasis signaling, and NRF2-mediated oxidative
stress response. Epigenetic reprogramming study with DNA Methyl-seq uncovered a list of
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differentially methylated regions (DMRs) associated with UA treatment. Transcriptome-DNA
methylome correlative analysis uncovered a list of genes, of which changes in gene expression
correlated with the promoter CpG methylation status. Altogether, our results suggest that UA
regulates metabolic rewiring of metabolism including SAM potentially driving epigenetic CpG
methylation reprogramming, and transcriptomic signaling resulting in the overall anti-cancer
chemopreventive effect.
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1 INTRODUCTION

Prostate cancer (PCa) remains the most common cancer and the fifth leading cause of cancer
death among men, despite extensive research that has been performed over the past few
decades 1. Drug resistance, toxicity, and side effects are common in the treatment of prostate
cancer. Hence clinicians treating PCa patients would need to think outside the box in terms
of prevention and treatment of PCa. This has reawakened interest in dietary phytochemicals
because they have been shown to be effective against certain oncogenic signaling pathways
with relatively few side effects 2.

Ursolic acid (UA) is a triterpenoid phytochemical with strong antioxidant, anti-inflammatory
and anti-cancer effects 3-°. UA’s anti-cancer activity includes inhibiting cellular
proliferation, dysregulating cell-cycle progression, inducing apoptosis, and inhibiting
metastasis 367, An integrated study of CpG methylome and RNA transcriptome also
showed that UA regulated the antioxidant, anti-inflammatory, and anti-cancer pathways
during UVB-induced carcinogenesis 8. VCaP prostate cancer cell line was derived from
a vertebral bone metastasis from a patient with hormone refractory prostate cancer. It
was passaged as xenografts in mice then cultured in vitro °. We have shown that dietary
administration of a naturally occurring mixture of tocotrienols inhibited the growth of
xenografted human VCaP prostate tumors 19. We have reported that UA can regulate the
antioxidant, anti-inflammatory, and epigenetic genes including DNA methyltransferases
(DNMTSs) and histone deacetylases (HDACS) in rat leukocytes 1. However, the specific
role of UA in PCa remains unclear.

Alterations in specific metabolic activities support cellular transformation, tumor initiation,
and progression 12. Cancer cells have unique metabolic adaptations, which meet the anabolic
needs of cell proliferation and adapt to the stress related to tumor growth and metastasis 13.
Metabolic reprogramming is considered to be a hallmark of malignancy and the differential
metabolic dependencies of tumors are emerging as a potential cancer therapeutic target 1415,
Metabolomics can observe the changes of metabolism before and after the intervention

of bioactive compounds and discover effective metabolites 16. Triterpenoids have the
potential to target cellular metabolic pathways. Studies have shown that cellular metabolic
reprogramming occurs during the development of prostate cancer and that triterpenoids can
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intervene multiple metabolism pathways of prostate cancer cells 17. It has been reported that
UA alters the glycolysis of breast cancer cells with different phenotypes 18.

However, there are few studies on the metabolic, epigenome and transcriptome mechanisms
of UA in PCa tumor models. Herein, we performed liquid-chromatography mass-
spectrometry (LC-MS) to quantify metabolites and next-generation sequencing (NGS) to
quantify the impact of UA on transcriptomic and DNA CpG methylation in VCaP cells
implanted xenograft tumor in immunodeficient nude mice. Our results suggest that UA
alters metabolome, DNA CpG methylome and transcriptome contributing to the anti-cancer
efficacy in human PCa VVCaP implanted xenograft tumor.

2 MATERIALS AND METHODS

2.1 Cell line and culture

VCaP human prostate cancer cells were purchased from the American Type Tissue
Collection (ATCC, Rockville, MD, USA) and cultured in RPMI 1640 medium supplemented
with 10% FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin. The VCaP cells were
transfected with a luciferase construct and a single VCaP-Luc clone was selected for
subcutaneous implantation as previously described 10.

2.2 Cell viability and proliferation assay

VCaP-Luc cells (3 x 103 cells per well) were maintained in 96-well cell culture plates

for 24 h. Then, the cells were exposed to either DMSO (0.1%) or UA at concentrations
ranging from 5 to 50 uM in DMEM supplemented with 1% FBS for 1 day. To determine cell
viability and proliferation, 20 pL of MTS reagent (Promega, Madison, WI, USA) was added
to each well of the 96-well plates. The absorbance at 490 nm was recorded after 1 hour of
incubation.

2.3 Tumor xenograft in immunodeficient mice

Male NCr immunodeficient mice (7-8 weeks old) were purchased from Taconic Farms.
Mice were kept at the Rutgers Animal Facility with a 12/12 h light/dark cycle and offered
food and water ad /ibitum. The animal protocol was approved by the Institutional Animal
Care and Use Committee (IACUC). Mice were randomly divided into two groups: the
control group and the UA treatment group. There were 10 mice in each group. VVCaP cells
(5 x 108 cells per 0.1 ml per mouse) were suspended in a mixture of Matrigel and RPMI
1640 medium (1:1) and injected subcutaneously into the back of the mouse. 0.1% UA

diet (w/w) (Research Diets, New Brunswick, NJ) was administered orally in the AIN-93M
mature rodent diet for 8 weeks based on published data 1119, During the experiment, the
tumor size was measured weekly using an IVIS imaging system and caliper. Before using
the VIS system for bioluminescence imaging, mice were anesthetized with isoflurane and
injected with D-luciferin at a concentration of 3 mg per mouse. Images were captured with
the mice in a prone position for 1 min, beginning at 8 min after the D-luciferin injection,
and the luminescence signal was reported as the photon flux (ph/s). Tumor volume (V)
was calculated as V = L x W2 x 0.52, where L is the length and W is the width of a
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xenograft. Bodyweight was measured once a week. The tumors were collected and weighed
immediately at the end of the study.

2.4 Metabolite extraction and LC-MS

To extract metabolites from cultured cells, VCaP-Luc cells were seeded in 60 mm dishes
with equal cell numbers (1 x 106 cells). After cultured overnight, the cells were exposed to
various concentrations of UA without serum for 3 hours. Cell metabolites were be extracted
by lysing the cells on the plate with 1 mL ice-cold lysis buffer consisting of 40:40:20
methanol:acetonitrile: water with 0.5% formic acid. The plates were incubated on ice for

5 min, then 50 uL of 15% NH4HCO3 was added to neutralize the acetic acid. Cells were
scraped off from plates and collected and centrifuged at 15,000 x g for 10 min at 4 °C.
Then, the supernatant containing the metabolites was transferred to new tubes and stored at
—80 °C for LC-MS. Each condition was repeated in triplicate. The LC-MS method is the
same as previously published 20, Conditions were optimized on an HPLC-ESI-MS system
fitted with a Vanquish Horizon UHPLC and a Thermo Q Exactive Plus MS. The MS scans
were obtained in both positive and negative ionization modes with a nominal mass resolution
of 70,000 (defined at m/z 200), in addition to an automatic gain control target of 3 x

10% and m/z scan range of 72 to 1000. Metabolite data were obtained using the MAVEN
software package 21. Statistical and pathway analysis (SMPDB) were performed on the
MetaboAnalyst (V5.0) (www.metaboanalyst.ca) 22.

2.5 RNA-seq and computational analysis

RNA-seq was conducted by Genewiz Inc (South Plainfield, NJ, USA), as we described
earlie®23.24 Briefly, RNA was extracted with the AllPrep DNA/RNA Mini Kit. lllumina
TruSeq RNA library preparation kit was used to construct the library following the
manufacturer’s instructions. The samples were sequenced with 75 bp paired-end reads on
a NextSeq 500 instrument (Illumina), with a minimum depth of 25-30 million reads per
sample. The RNA-seq reads were compared with the human reference genome by HISAT?2
software and analyzed by DEGSeq in R version 3.6.

2.6 Ingenuity pathway analysis (IPA)

To elucidate the signaling pathways associated with the differentially expressed genes
(DEGS), the gene expression levels with |log2 fold changes| = 0.3 and with a p-value less
than 0.05 were analyzed by IPA software.

2.7 Methyl-Seq and computational analysis

The Methyl-Seq analysis was performed as described earlier 8:23.24, Briefly, the Methyl-Seq
library was carried out with the Agilent SureSelect human Methyl-Seq kit. The captured
Methyl-Seq library was bisulfite converted using the EZ DNA Methylation-Gold kit. The
Methyl-Seq library was sequenced on an Illumina HiSeq 2000 platform with 75 bp single-
end reads to a minimum sequencing depth of 40 to 50 million reads per sample. This
Methyl-Seq was performed by Genewiz Inc. The reads were aligned to the in silico bisulfite-
converted human genome with the Bismark (version 0.15.0) alignment algorithm 2. After
alignment, DMRfinder 26 was used to extract methylation counts and identify differentially
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methylated regions (DMRs) with each DMR containing at least three CpG sites. ChlPseeker
was used for genomic annotation. DNA methylation level was measured by methyl cytosine/
(methyl cytosine + unmethyl cytosine). We then measured the DNA methylation difference
by subtracting the individual DNA methylation value in the control group from the UA

group.

2.8 Correlation between methylation and gene expression

The gene expression levels from RNA-seq were selected with a cutoff of |log2 (Fold
Change)| = 1 and p-value < 0.05. Then, the sorted genes from the RNA-seq were further
sorted by Cutoff threshold DNA methylation differences = 0.1. The genes of promoter
DNA hypermethylation/RNA down-regulation, or promoter DNA hypomethylation/RNA
up-regulation were used as genes of interest for further analysis. The results were plotted in
R.

2.9 Quantitative real-time PCR (gPCR)

0.5 pg of RNA was used for reverse transcription by Tagman Reverse Transcription
Reagents (Thermo Fisher Scientific, USA). The real-time PCR reactions were performed
in triplicate with PowerUp SYBR Green Master Mix Kit (Thermo Fisher Scientific, USA)
on the QuantStudio 5 Real-Time PCR System (Thermo Fisher Scientific, USA). The levels
of mRNA expressions were quantified by the AACt method and normalized against p-Actin
levels. Primer sequences were listed in Supplementary Table S1.

2.10 Statistical analysis

Data were expressed as mean + standard deviation. The student #test was used for statistical
analysis between the two groups. P-value < 0.05 was considered statistically significant
unless otherwise noted.

3 RESULTS

3.1 UA attenuated tumor growth in xenograft animal model

To evaluate the anti-cancer effects of UA, we applied a prostate tumor xenograft

model to measure the activity of UA in immunodeficient nude mice in vivo. Male Ncr
immunodeficient mice were injected subcutaneously with VVCaP-Luc cells and then feed
with a UA diet. As shown in Figure 1A, the luminescence images showed that the tumor
volume of both groups increased with time. However, the tumor volume in the UA group
increased at a much slower pace. According to the quantitative results, the xenograft volume
of VCap-Luc cells in the UA group was relatively small (Figure 1B). Measurements by the
caliper, as shown in Figure 1C, showed similar results with the luminescent image results.
Besides, the average tumor weight of the UA treatment was lower than that in the control
group (Figure 1D). There was no statistical significance in the average body weight of

the two groups during the experiment (Figure 1E). Our results indicate that dietary UA
administration can attenuate the growth of transplanted VVCaP-Luc cells in immunodeficient
mice.
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3.2 Metabolic alterations after UA treatment

To study the cytotoxicity of UA on VCap-Luc cells, we analyzed the role of UA

on cell viability using MTS. As shown in Figure 2A, cell viability was significantly

reduced after UA exposure in a dose-dependent manner. Next, we measured the changes

of metabolites in VCAP-Luc cells after UA treatment. Principal Component analysis

(PCA) showed that the high concentration UA group could be clearly distinguished

(Figure 2B). Interestingly, we found that a group of metabolites, mainly amino acids,
changed significantly after UA treatment. The levels of amino acids (AA) such as

lysine, arginine, proline, threonine, ornithine, tyrosine, cystine were increased in VCap-
Luc cells exposed to UA (Figure 2C). In addition, Figure 2D showed that the most
significant top 25 metabolites changed after UA treatment, including S-adenosylmethionine
(SAM), methionine, glucose 6-phosphate, ribose 5-phosphate, CDP-choline, and ribulose-5-
phosphate. Pathway analysis showed that the changes of metabolites after UA exposure were
mainly related to phosphatidylcholine biosynthesis, phosphatidylethanolamine biosynthesis,
ammonia recycling, glycolysis, lactose synthesis, gluconeogenesis, and nucleotide sugars
metabolism (Figure 2E). These data suggest that these altered metabolites and metabolism-
related signaling pathways may play a role in cell viability and epigenetic reprogramming
coupled with gene expression alterations.

3.3 Gene expression changes after UA treatment

To understand the effects of UA in vivo, we used RNA-seq to analyze the tumors in

the two groups. Euclidean distance clustering and principal component analysis (PCA)
were performed to measure the variation in RNA-seq data in the control and UA-treated
tumor samples. As shown in Figure 3A and 3B, the features of the two groups were
separated. Next, we compared the global gene expression in the two groups using a

cutoff threshold |log2 fold change| = 0.3 and FDR adjusted p-value * 0.05. As shown in
Figure 3C, compared with the control group, there were 950 genes considered differentially
expressed with 519 up- and 431 down-regulated in the UA group. Next, we generated a
heatmap containing the top 20 genes based on FDR adjusted p-value less than 0.05 that
were most up-regulated and down-regulated to account for the transcriptional profiles of
UA-treated VVCaP cells (Figure 3D). Of the top 10 most up-regulated genes, 6 belonged to
the matrisome, including cathepsin E (CTSE), lymphotoxin beta (LTB), mucin 6, oligomeric
mucus/gel-forming (MUCB6), C-X-C motif chemokine ligand 5 (CXCL5), C3 and PZP like
alpha-2-macroglobulin domain containing 8 (CPAMDS), and FAM20A golgi associated
secretory pathway pseudokinase (FAM20A). Of the top 10 most downregulated genes,

4 belonged to the negative regulation of endopeptidase activity, including growth arrest
specific 6 (GAS6), serpin family E member 1 (SERPINEL), annexin A8 (ANXAS8), and
annexin A8 like 1 (ANXAB8L1)). Besides, after UA treatment, 161 genes were considered
differentially expressed with 72 up- and 89 down-regulated, using an FDR adjusted p-value
less than 0.05, and the |log2 fold change| = 1 cutoff (Figure 3E). Next, the 161 genes were
submitted to Metascape 27 (http://metascape.org) to understand the functional significance of
dysregulated genes. Metascape analysis showed that multiple pathways associated with UA
were significantly enriched, such as the cytokine-mediated signaling pathway, extracellular
matrix organization, angiogenesis, and activation of immune response (Figure 3F). To
further explore the biological function of DEGs, we did the IPA analysis to provide a broad
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overview of the regulation related to UA. A total of 1817 genes identified with a cutoff of
|log2 fold change| = 0.3 with p-value < 0.05 were mapped to the IPA. Based on the -log
(p-value) and activation zscores, we selected the top canonical signaling pathways from
the IPA. As shown in Table 1, 12 pathways were activated and 12 pathways were inhibited
by UA treatment. Among those pathways, pathways such as oxidative ethanol degradation
I11, acute phase response signaling, Wnt/g-catenin signaling, and NRF2-mediated oxidative
stress response were activated by UA, but pathways such as CXCR4 signaling, TGF-$
signaling, colorectal cancer metastasis signaling, and IL-8 signaling were inhibited by UA.

3.4 DNA methylation changes after UA treatment

Next, we performed SureSelect Methyl-Seq on tumor samples to observe whether UA
treatment affected the profiling of DNA methylome. Cutoff threshold DNA methylation
differences = 0.1 was used to select a subgroup of DMRs. In total, there were 2538 genes
related to DMRs, divided into 850 hypermethylated genes and 1688 hypomethylated genes
(Figure 4A). According to the annotation region analysis, the 850 hypermethylated regions
are mainly distributed in the gene body (606), promoter (208), 3’UTR (16), downstream
(14), and 5’UTR (6). For the 1688 hypomethylated regions, DMRs were identified in the
gene body (1198), promoter (414), 3’'UTR (44), downstream (18), and 5’UTR (14) (Figure
4A and Supplementary Table S2). Next, a heat map with a methylation cutoff level of 0.2
was generated to illustrate changes in UA-treated tumors. As shown in a heatmap (Figure
4B), a total of 177 DMRs (143 hypomethylated DMRs and 34 hypermethylated DMRs)
were detected between the UA treatment and the control. Those genes associated with UA
treatment include PI3 (peptidase inhibitor 3), CHI3L2 (chitinase 3 like 2), and GFAP (glial
fibrillary acidic protein). Next, the 2538 genes filtered by Cutoff threshold DNA methylation
differences = 0.1 were submitted to the Metascape to explore the functional significance

of dysregulated genes. Metascape analysis showed that pathways associated with UA

were significantly enriched, such as positive regulation of cell-substrate adhesion, Notch
signaling pathway, regulation of cell morphogenesis, inflammatory mediator regulation of
TRP channels, and regulation of vasculature development (Figure 4C).

3.5 Correlation between methylation and gene expression

Next, the relevance between gene expression profiles and methylation profiles was studied
to investigate the link between DNA methylation and transcriptome. With a cutoff of
methylation ratio difference = 0.1 for DNA methylation changes and |log2 (fold change)|

> 1 with p-value “ 0.05 for RNA expression, a total of 86 DEGs/DMRs were found.

As shown in Figure 5A, 46 genes were identified between the up-regulated DEGs and
hypomethylated genes, and 16 genes were identified between the down-regulated DEGs
and hypermethylated genes. Compared with the control group, 23 DMRs in the promoter
regions of the UA group were negatively correlated with the expression of corresponding
genes (Figure 5B and Supplementary Table S3). These DMRs-related genes include ACE?2
(angiotensin | converting enzyme 2), UGT1A6 (UDP glucuronosyltransferase family 1
member A6), SLC43A2 (solute carrier family 43 member 2), and AGR2 (anterior gradient 2,
protein disulphide isomerase family member).
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3.6 Validation of RNA-seq data with qPCR

To validate the results of the RNA-seq, gPCR was used to analyze the significantly
expressed gene after UA treatment. We examined the expression of 8 DEGs in the two
groups. The relative mRNA expression levels of these genes were presented in Figure

5C. For these 8 genes, the changes in gene expression in gPCR were consistent with the
RNA-seq results, indicating that the DEGs from the RNA-seq analysis were highly reliable.

4 DISCUSSION

Studies have shown that UA inhibits the proliferation of cancer cells in both in vitro

and in vivo cancer models 628-32, Herein, we conducted a comprehensive study with
LC-MS and NGS technologies on the impact of UA on the metabolic rewiring and
epigenetic reprogramming in the human PCa VCaP xenograft model. We found that dietary
administration of 0.1% UA attenuated tumor growth of transplanted VCaP xenograft in
immunodeficient mice. UA regulates metabolic remodeling and drives epigenetic CpG
methylation reprogramming and transcriptome signaling pathways to achieve its anti-cancer
effects. The schematic diagram illustrating the results is shown in the Figure 5D.

During cell proliferation, extensive metabolic rewiring takes place for cells to obtain
sufficient nutrients, such as glucose, amino acids, lipids, and nucleotides, which are
necessary to support cell growth and to cope with the redox challenges 33. Since we ran

out of tumor samples, especially those treated with UA, we could not perform LC-MS
metabolomics analysis on tumor samples, so we used cell line VCaP-Luc cells. In our
metabonomic study, we identified several metabolites and metabolism-related signaling
pathways with the treatment of UA that are critical to the growth and survival of cancer
cells. One of the rewired mitochondrial metabolites SAM is the main biological methyl
donor synthesized in all mammalian cells and is the methyl donor of all basic epigenetic
methylation reactions, including CpG and histone methylation, that drive epigenetic
reprogramming 3435, In our current study, we also found that SAM increased significantly
with increasing UA dose, which would lead to changes in the epigenetic methylation
process as illustrated with alterations of DNA methylome. Moreover, it has been found

that amino acids are not only cellular signaling molecules, but also regulatory molecules

of gene expression and protein phosphorylation cascade 36. In this study, we found that a
group of amino acids, including arginine, proline and tryptophan, changed significantly after
UA treatment. It is increasingly recognized that some amino acids regulate key metabolic
pathways necessary for maintenance, growth, reproduction, and immunity 3637, Further
analysis of these amino acids and the regulatory role of amino acids in metabolic rewiring,
gene expression and epigenetic reprogramming will contribute to our understanding of UA.
Moreover, pathway analysis of metabolome data showed that the top signaling pathways
such as phosphatidylcholine biosynthesis, phosphatidylethanolamine biosynthesis, ammonia
recycling, glycolysis, lactose synthesis, gluconeogenesis, and nucleotide sugars metabolism
were identified. The biological functions of UA regulating metabolic pathways need to be
further studied.

The previous study showed that the tumor masses of the UA treatment group were smaller
than that of the control group 32. Another study showed that UA supplemented diet
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can decrease tumor cell proliferation and tumor size by decreasing the activation of the
PI3K/AKT pathway and MAPK signaling pathway 9. The inhibitory effect of UA on the
xenograft mouse model is consistent with previous reports. We also showed that a subset

of differential expression genes was identified between the UA and control groups through
RNA-seq. Pathway analysis of RNA-seq data showed that the top signaling pathways such
as NRF2-mediated oxidative stress response, colorectal cancer metastasis signaling, CXCR4
signaling, and TGF-p signaling were identified (Table 1). These pathways may reflect one
of the anti-cancer mechanisms of UA. For instance, UA has antioxidant effects including
scavenging free radicals and regulating antioxidant enzymes 3, which is also consistent with
our current findings.

Our previous study has shown that UA reduces the expression of epigenetic modifying
enzymes including DNMTs, HDACs, and HDACs activity in vitro cell model 38, However,
it is unclear whether UA administration changes the DNA methylation level in tumor

cells in vivo. From our metabolomic results, mitochondrial metabolites including SAM

are increased with increasing doses of UA (Figure 2D), thereby would affect epigenetic
CpG methylation reprogramming. Here, we obtained a list of DMRs associated with UA
treatment using SureSelect CpG Methyl-Seq. Our study further showed that dysregulated
DMRs-related genes are closely related to the positive regulation of cell-substrate adhesion,
the regulation of Notch signaling pathway, the regulation of cell morphogenesis, the
inflammatory mediator regulation of TRP channels, and the regulation of vasculature
development (Figure 4). Previously published studies have shown that UA suppressed
metastasis via regulating MMP-2, MMP-9, VEGF, and integrin aVB5 3943, The present
findings are consistent with previous studies showing that UA is a strong candidate as

an anti-metastatic agent. From our Metascape analysis of RNA-seq and Methyl-Seq data,
we found the top clusters were mostly involved in changes in matrisome associated,
extracellular matrix organization, positive regulation of cell motility, angiogenesis, and
positive regulation of cell-substrate adhesion. Next, by examining the relationship between
DNA methylation and transcriptome, we identified an important gene subgroup associated
with UA as shown in Figure 5.

In conclusion, the results of this study provide experimental basis for the anti-cancer

effect of UA in human PCa, and reveal its molecular mechanism through multi-omics
analysis of cell lines and xenograft tumor models. Our results suggest that UA regulates
metabolic rewiring, reprograms CpG methylation sites, drives gene expression changes and
activates signaling pathways, which contribute to anti-cancer efficacy in human PCa VCaP
xenografts.
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FIGURE 1. Dietary UA administration attenuates the growth of human prostate tumors in
immunodeficient mice.

(A) Representative bioluminescence VIS images of subcutaneously implanted tumors in
mice. (B) Strength of the bioluminescence signal (photons/s) from 1 to 8 weeks. (C) Tumor
volumes were measured by the caliper during the treatment. (D) Weight of tumor mass.

(E) Bodyweight during the experiment. The data are represented as the mean + standard
deviation.
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FIGURE 2. Metabolite profile of VCaP-Luc cells treated with UA.
(A) Cell viability assay of VCaP-Luc cells treated with UA for 1 day. (B) PCA plot for

UA exposed cells. (C) Heatmap of amino acid levels regulated by UA at 3 hours (n=3 per
group). (D) Top 25 metabolites in VCaP-Luc cells treated with UA for 3 hours (n=3 per
group). (E) Identification of significantly enriched pathways based on statistically significant
changes in metabolite concentrations with UA treatment.
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FIGURE 3. Gene expression pattern of tumor in immunodeficient mice after dietary UA
administration.

(A) Euclidean distance clustering between two groups. (B) PCA plot showed a comparison
of transcriptome data between the two groups. (C) MA plot for differential expression
analysis of UA vs. control. (D) Heatmap showing top 10 up and down-regulated genes based
on both g-value and p-value < 0.05. Color scale represents log2FPKM of these for genes.
(E) The number of differentially up and down-regulated genes based on p-value and g-value
less than 0.05, and the |log2 fold change| = 1. (F) Metascape analysis showing the top 20

enriched clusters.
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FIGURE 4. DNA methylation changes after the dietary UA administration.
(A) The number of differentially hypermethylated and hypomethylated DMRs. (B) Heat

map showing significant changes in DMRs between UA group and control group. A total of
177 DMRs were identified at a methylation difference was 0.2. (C) Top 20 enriched clusters
that were regulated by UA. Enriched clusters were identified by Metascape analysis using
the list of 177 regulated genes associated with DMRs.
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FIGURE 5. Correlation between methylation and gene expression.
(A) The number of differentially hypermethylated and hypomethylated DMRs with a cutoff

of methylation ratio difference = 0.1 for CpG methylation changes and |log2 (fold change)|

> 1 with p-value * 0.05 for RNA expression. (B) Correlation between gene expression and
CpG methylation in the promoter. Annotation genes had at least one CpG cluster in the
promoter region, and the change of CpG methylation level was negatively correlated with
the change of RNA expression. (C) Validation of RNA-seq results by gPCR. The expression
of 8 selected genes was analyzed. The bar chart shows the expression of each candidate gene
in the UA group compared to the control group. (D) The schematic diagram summarizing
the potential correlations between the metabolic rewiring, epigenetic reprogramming, and
gene expression profiles.
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Canonical pathways were identified using the IPA software. A positive Z score indicates activation of the

pathway and a negative Z score indicates inhibition of the pathway.

Ingenuity Canonical Pathways -log(p—value)  z-score
PPARa/RXRa Activation 5.98 2.41
Acute Phase Response Signaling 5.68 0.63
Osteoarthritis Pathway 5.64 0.71
Wht/B-catenin Signaling 5.12 0.56
Aryl Hydrocarbon Receptor Signaling 4.97 1.07
Dopamine Receptor Signaling 4.80 0.71
Synaptic Long-Term Potentiation 4.38 0.21
Production of Nitric Oxide and Reactive Oxygen Species in Macrophages 3.99 0.38
NRF2-mediated Oxidative Stress Response 3.91 0.24
Dopamine-DARPP32 Feedback in cAMP Signaling 3.54 1.63
LXR/RXR Activation 3.47 2.14
Oxidative Ethanol Degradation 111 3.47 1.13
Colorectal Cancer Metastasis Signaling 7.91 -1.41
PI3K Signaling in B Lymphocytes 6.81 -1.23
Glioblastoma Multiforme Signaling 6.03 -1.57
ILK Signaling 5.92 -2.19
Cardiac Hypertrophy Signaling (Enhanced) 5.69 -1.52
Protein Kinase A Signaling 5.41 -0.15
Cardiac Hypertrophy Signaling 4.81 -1.72
IL-8 Signaling 4.67 -1.83
CXCR4 Signaling 4.56 -2.29
FAT10 Cancer Signaling Pathway 4.55 -0.28
TGF-p Signaling 4.47 -1.21
LPS/IL-1 Mediated Inhibition of RXR Function 4.36 -0.58
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