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Prostate cancer is a highly prevalent tumor affecting mil-
lions of men worldwide, but poor understanding of its
pathogenesis has limited effective clinical management of
patients. In addition to transcriptional profiling or tran-
scriptomics, metabolomics is being increasingly utilized
to discover key molecular changes underlying tumorigen-
esis. In this study, we integrated transcriptomics and
metabolomics to analyze 25 paired human prostate can-
cer tissues and adjacent noncancerous tissues, followed
by further validation of our findings in an additional cohort
of 51 prostate cancer patients and 16 benign prostatic
hyperplasia patients. We found several altered pathways
aberrantly expressed at both metabolic and transcrip-
tional levels, including cysteine and methionine metabo-
lism, nicotinamide adenine dinucleotide metabolism, and
hexosamine biosynthesis. Additionally, the metabolite
sphingosine demonstrated high specificity and sensitivity
for distinguishing prostate cancer from benign prostatic
hyperplasia, particularly for patients with low prostate
specific antigen level (0–10 ng/ml). We also found impaired
sphingosine-1-phosphate receptor 2 signaling, down-
stream of sphingosine, representing a loss of tumor sup-
pressor gene and a potential key oncogenic pathway for
therapeutic targeting. By integrating metabolomics and
transcriptomics, we have provided both a broad picture of
the molecular perturbations underlying prostate cancer and
a preliminary study of a novel metabolic signature, which
may help to discriminate prostate cancer from normal tis-

sue and benign prostatic hyperplasia. Molecular & Cellu-
lar Proteomics 15: 10.1074/mcp.M115.052381, 154–163,
2016.

Prostate cancer (PCa)1 is the most commonly diagnosed
visceral malignancy among men and the second leading
cause of cancer-related death in Western countries, second
only to lung cancer (1, 2). The prevalence of PCa in Asian
populations, such as China and Japan, was much lower than
Western countries, but its incidence and associated mortality
rates are increasing rapidly with the growing aging population
(3). Barriers in the effective clinical management of PCa
include significant intratumoral heterogeneity and limited
knowledge of the molecular events governing tumor progres-
sion (4). Therefore, there has been increased interest in un-
derstanding PCa pathogenesis during local and distant tumor
progression to improve diagnostic sensitivity and therapeutic
outcomes in the clinical setting (5, 6).

Comprehensive gene expression profiling has identified po-
tential tumor biomarkers for early diagnosis and risk assess-
ment of PCa (7). A cDNA microarray-based study utilized
gene expression profiling to stratify tumors into clinically rel-
evant subtypes of PCa (8), which were correlated with tumor
grade, stage, and preoperative prostate-specific antigen
(PSA) levels. Transcriptome sequencing across a PCa cohort
identified that PCAT-1 was implicated in PCa progression (9).
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Based on gene expression data, researchers revealed path-
way dysregulation (10) and transcriptional programs related to
metastatic disease in PCa (11). A model based on gene ex-
pression data alone can accurately predict patient outcome
following prostatectomy (12). Gene expression profiling is
capable of surveying the entire genome, and this approach,
also called transcriptomics, may yield further insight into on-
cogenesis. However, its integration with other “-omic” studies
may provide a more in-depth understanding of intratumor
processes (13, 14). Metabolic profiling or metabolomics pro-
vides data-rich information of metabolic alterations that re-
flect genetic, epigenetic, and environmental factors influenc-
ing cellular physiology (15). Integration of transcriptomics and
metabolomics may yield further insight into tumor pathogen-
esis than either approach alone. For example, this combined
approach elucidated altered expression of enzymatic lipases
reflecting differential lipid metabolism profiles in pancreatic
cancer (16). Likewise, metabolomic study of altered citrate
and choline-related metabolism in PCa yielded potential ab-
errantly expressed enzymes for therapeutic targeting (17).

In this study, we performed metabolomic study of 25 paired
human PCa samples, comprised of PCa tissue (PCT) and
adjacent noncancerous tissue (ANT) by liquid chromatogra-
phy-mass spectrometry (LC-MS), aiming to identify key met-
abolic alterations unique to PCa (Fig. 1). We then performed
transcriptome analysis in these samples to identify differen-
tially expressed genes, reflecting tumor-specific metabolic
changes. These corresponding metabolic and genetic altera-
tions were further validated in a separate cohort of 51 paired
PCT and ANT. Lastly, we integrated our metabolic and tran-
scriptomic data to uncover significantly perturbed pathways
at both the metabolic and transcriptional levels and to identify
potential biomarkers that may aid in the diagnosis and prog-
nosis of PCa.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—Ultrapure water was provided by a Milli-
Q water purification system (Millipore, Billerica, MA). Acetonitrile

and methanol were of HPLC grade and obtained from Merck (Darm-
stodt, Germany). Formic acid, ammonium bicarbonate, and methyl
tert-butyl ether (MTBE) were purchased from Sigma-Aldrich (St.
Louis, USA). Isotope chemical standards including acetyl-d3-L-carni-
tine, decanoyl-d3-carnitine, palmitoyl-d3-carnitine, L-leucine-5,5,5-d3,
L-phenyl-d5-alanine, L-tryptophan-d5, cholic acid-2,2,4,4-d4, cheno-
deoxycholic acid-2,2,4,4-d4, palmitic acid-16,16,16-d3,stearic-
18,18,18-d3 acid, and LysoPC (19:0) were obtained from Sigma-
Aldrich. All isotope chemical standards as internal standards were
dissolved in methanol by dilution of stock solution of each com-
pound. The preparations of each isotope standard are presented in
Table S1.

Sample Collection and Preparation for Metabolomics Analysis—In
total, 25 PCa patients and 51 PCa and 16 benign prostatic hyperpla-
sia patients were involved in the discovery phase and validation
phase of metabolomics study, respectively. After informed consent
and approval by the institutional ethics committee, paired PCT and
ANT from each PCa patient were collected from the archives of the
Shanghai Changhai Hospital. Upon removal of the surgical specimen,
the tumor tissue and patient-matched adjacent normal tissue were
separated and immediately frozen to make sure the metabolites were
unchanged before analysis. Routine hematoxylin and eosin staining of
patient specimens were performed by the pathologists of the study to
ensure that the tumor tissues had high-density cancer foci and the
adjacent normal tissues had no tumor contamination. Clinical patient
information, including Gleason score, preoperative prostate-specific
antigen (PSA), and tumor grade are shown in Table I. All tissue
specimens were stored at �80 °C before analysis.

MTBE was used to extract metabolites for metabolomic analysis.
The protocol had been validated in previous studies (18, 19). For each
specimen, 10 mg of wet tissue was weighed and placed into a 2 ml
centrifuge tube. A porcelain ball and 300 �l ice-cold methanol with
internal standards were added followed by homogenization (20 Hz,
2 � 1 min) in a frozen mixed ball grinding machine (MM400, Retsch
Technology, Han, Germany). Next, 1 ml MTBE was added, and the
mixture was incubated at room temperature for 1 h in a shaker. Phase
separation was induced by adding 300 �l ultrapure water, and the
centrifuge tube was vortexed for 30 s. The mixture was centrifuged for
10 min (10,000 rpm, 4 °C) after the extract was set aside for 10 min on
ice. Due to the high density and high lipophilicity of MTBE, lipids and
hydrophobic metabolites were primarily distributed into a MTBE-rich
phase and formed the upper layer of the two-phase partitioning
system, whereas hydrophilic metabolites were mainly extracted to the
lower layer of methanol/water-rich phase. Proteins and other nonex-
tractable matrix residues were at the bottom of centrifuge tube, which
were easily removed. To enhance the coverage of metabolites, upper
and lower layers were combined to form a small aliquot for metabo-
lomics analysis. For each specimen, samples were prepared in du-

FIG. 1. Experimental flow chart.

TABLE I
Clinical information of patient cohorts

Characteristic
Discovery Validation

PCTa PCT BPH

Total cases 25 51 16
PSA (ng/ml) �10/�10 9/15b 9/42 10/5c

Gleason score �7 2 6
Gleason score � 7 12 31
Gleason score �7 11 14
Localized/ locally advanced/

metastatic
17/4/3d 32/16/3

a Paired adjacent noncancerous tissues were collected.
b One sample was lack of PSA information.
c One sample was lack of PSA information.
d One sample was lack of information related to grade malignancy.

Integration of Metabolomics and Transcriptomics in Prostate Cancer

Molecular & Cellular Proteomics 15.1 155

http://www.mcponline.org/cgi/content/full/M115.052381/DC1


plicate for electrospray ionization positive ion mode and negative ion
mode. Each sample consisted of 250 �l upper layer and 150 �l lower
layer.

To monitor the robustness of sample pretreatment operation and
stability of instrument analysis, quality control samples were prepared
by pooling equal aliquots of upper layer and lower layer extracts from
each specimen. All samples were dried in a vacuum centrifuge and
stored at �80 °C until analysis. For LC-MS analysis, the samples
were re-dissolved in 50 �l acetonitrile/water (2:8) solvent.

LC-MS Analysis—Chromatographic separation was implemented
on an ACQUITY Ultra Performance Liquid Chromatography (UPLC,
Waters Corporation, Manchester, UK) system. The instrument was
equipped with a binary solvent manager with a maximum delivery flow
rate of 2 ml min�1, an autosampler with a 10 �l loop, and a column
manager with a column oven set at 40 °C in positive ion mode and
50 °C in negative ion mode.

For electrospray ionization positive ion mode, a 10 �l aliquot was
injected into an ACQUITY UPLC BEH C8 1.7 �m (2.1 � 100 mm)
column to perform metabolites separation. The mobile phases were
water containing 0.1% formic acid (A) and acetonitrile (B). The elution
gradient started with 5% B for 0.5 min, linearly increased to 100% B
at 24 min, maintained for 4 min, then changed to 5% B for post
equilibration. For electrospray ionization negative mode, an ACQUITY
UPLC HSS T3 1.8 �m (2.1 � 100 mm) column was used. The mobile
phases were 6.5 mM ammonium bicarbonate aqueous solution (C)
and 95% methanol with 6.5 mM ammonium bicarbonate dissolved (D).
The elution gradient was 2% D for 1 min, linearly increased to 100%
D at 20 min, held for 4 min, and decreased back to 2% D. The delivery
flow rate was 0.35 ml min�1.

TOF MS full scan was performed on positive ion mode and nega-
tive ion mode using a tripleTOF™ 5600 plus (Applied Biosystems,
Foster City, CA) mass spectrometer, which was coupled to the UPLC
system by an electrospray ionization port. Gas 1 and gas 2 of ion
source were set to 50 psi, and curtain gas was set to 35 psi. Tem-
perature was 500 °C, and ion spray voltage floating was 5500 V for
positive ion mode and -4500 V for negative ion mode. Data acquisi-
tion, data handling, and instrument control were conducted on Ana-
lyst 1.6 software (Applied Biosystems).

Transcript Profile Analysis—Transcript analysis was performed by
RNA-seq as previously described (20). TRIzol reagent was used to
extract RNA and then rRNA was removed. cDNA library preparation
and sequencing were performed on an Illumina (San Diego, CA) kit,
following standard protocols. The clean reads of RNA nucleotide
sequences were generated using TopHat software and miRNA data
were aligned in a mirBase database.

Statistical Analysis—Peak detection and alignment was based on
Marker View software (version 1.2.1.1, Applied Biosystems). The peak
table was then exported to Excel software (Microsoft, Redmond, WA)
for further analysis. The intensity of each ion feature was normalized
to a corresponding internal standard (21, 22) then normalized to the
unit weight of each tissue specimen. Principal component analysis
(PCA) and partial least square discriminant analysis were performed
using SIMCA-P 11.0 (Umetrics, Umea, Sweden) software. MATLAB
(R2014a, MathWorks, Natick, MA) software was employed to perform
paired nonparametric tests (signrank wilcoxon signed rank two-sided
test), and a p value �0.05 was considered significant. Pearson corre-
lation coefficients analysis was analyzed on SPSS 18.0 (IBM, Armonk,
New York) software. Multi Experiment Viewer software was used to
generate a heat map. Metabolic pathway analysis was conducted on
the MetaboAnalyst website (http://www.metaboanalyst.ca). The path-
way plots were based on the Kyoto Encyclopedia of Genes and
Genomes database, and the National Center for Biotechnology Infor-
mation (NCBI) database was searched to define gene functions. Gene

enrichment analysis was conducted on Gene Set Enrichment Analysis
Software (Broad Institute, Cambridge, MA).

RESULTS

Molecular Alterations at the Metabolic and Transcriptional
Levels Suggest Major Altered Pathways in Prostate Cancer—
Paired PCT and ANT from 25 patients were analyzed by
LC-MS. After peak alignment and refining based on the 80%
rule (23), the responses of retained ion features were cali-
brated by internal standards. In total, seven quality control
samples were included into the batch to monitor the repeat-
ability of the analysis, and the relative standard deviation of
each ion feature in the quality control samples was used to
evaluate reproducibility. For normalization of ion features, iso-
tope-labeled acylcarnitines were used for positive ion mode,
isotope-labeled fatty acids were used for negative ion mode,
and others were used for both. After normalization by internal
standards, quality control samples were clustered tightly on
PCA score plots (Fig. S1A), indicating reproducibility was
satisfactory. To further analyze metabolic differences be-
tween PCT and ANT, partial least square discriminant analysis
models were built (Fig. S1B). There was a clear separation
between PCT and ANT, and no overfitting of the partial least
square discriminant analysis model was found.

Metabolite identification was based on our previously pub-
lished strategy (24). Accurate mass and fragment patterns of
second-order mass spectrum were utilized to search the on-
line databases (Human Metabolome Database, Kyoto Ency-
clopedia of Genes and Genomes, and Metabolite and Tan-
dem MS Database) and then metabolites were confirmed by
chemical standards. Paired nonparametric tests were per-
formed to identify differentially expressed metabolites in PCT.
This approach yielded 128 metabolites, including 13 car-
nitines and acylcarnitines, 68 lipids and fatty acids, and 47
organic acids and bases (Fig. S1C, Table S2). The relative
levels of metabolites in PCT and ANT were also visualized on
a plotted heat map (Fig. S1D).

To trace upstream variations of the metabolome, transcrip-
tional profiling of the same specimens was conducted. Paired
nonparametric tests were performed to discover differentially
expressed genes and miRNAs. Of the 22,684 genes profiled,
7941 exhibited significant alterations in PCa. After metabolic
pathway analysis and gene set enrichment analysis, we found
27 significantly altered pathways at both the metabolomic and
mRNA expression levels in PCT (Fig. 2A), involving in metab-
olism of cysteine and methionine, amino sugars and nucleo-
tide sugars, glycerophospholipids, lysine, and sphingolipids,
among others. Figure 2B visualizes the altered pathways
based on metabolic profiling data, among which we identified
cysteine and methionine metabolism and amino sugar and
nucleotide sugar metabolism as two metabolic pathways of
interest as both of them exhibited lower p values and greater
pathway impact. Simultaneously, the gene set of these two
pathways was specifically enriched in PCT (Figs. 2C–2D).
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Metabolic Pathway Alterations in PCT—We further investi-
gated the significant alterations in cysteine and methionine
metabolism, observed at both the metabolic and transcrip-
tional levels. Compared with ANT, PCT exhibited significant
accumulations of choline, S-adenosylhomoserine (SAH), 5-
methylthioadensine (MTA), S-adenosylmethionine (SAM), nic-
otinamide mononucleotide (NMN), nicotinamide adenine di-
nucleotide (NAD), and nicotinamide adenine dinucleotide
phosphate (NADP) and reductions of adenosine and uric acid
in PCT (Figs. 3A–3C). Accumulation of choline compound
was observed in previous prostate cancer studies (17, 25),
which was in accordance with our findings. Choline is con-
sidered as a key metabolite in prostate cancer, the positron-
labeled choline analogues have been studied for the visu-
alization screening of prostate cancer detection via positron

emission tomography (26, 27). SAM is a general methyl
donor that transfers methyl groups to acceptors like DNA
through methyltransferase (i.e. DNMT, GNMT) with SAH as
a by-product. To further investigate these metabolic
changes, we examined corresponding gene expression al-
terations and found genes that encode DNMT (DNMT3A,
p � .0299, DNMT3B, p � .0004, DNMT1, p � .0455) and
GNMT (GNMT, p � .0006) were significantly up-regulated in
PCa. A Pearson correlation analysis indicated that the in-
crease in SAH was significantly correlated with the increase
in GNMT (Fig. 3D), which has been associated with de-
creased levels of regulatory hsa-miR-100–5p in PCa (Table
S3) (28). The alterations at the metabolic and transcriptional
levels of cysteine and methionine metabolism in PCa are
illustrated in Fig. 4A.

FIG. 2. Altered pathways in prostate cancer. (A) Metabolic and transcriptional analysis identified 27 pathways that were significantly
altered in prostate cancer. (B) Overview of the pathway analysis based on metabolites alteration. (C) and (D) Gene set enrichment analysis
of cysteine and methionine metabolism (NES � 1.48, p � .030), amino sugar and nucleotide sugar metabolism (NES � 1.58, p � .031).
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Disruption of cysteine and methionine metabolism also
influences oxidative stress through involvement of meta-
bolic intermediates causing endothelial cell damage or in-
flammation (29). NAD metabolism is a major consequence
of reactive oxygen species (ROS) generation, which has

been associated with androgenic effects on prostate tissue
(30). Subsequently, we found that NMN, NAD, and NADP,
which are three key metabolites in NAD metabolism (31),
were significantly elevated in PCT. Two genes vital to proper
NAD metabolism, NAMPT and NADK2, were also found to

FIG. 3. Significant alterations in cysteine and methionine metabolism. Relative level histograms of (A) choline, SAH, and adenosine (B)
MTA, SAM, and uric acid (C) NMN, NAD, and NADP. *: The significant difference, .001 � p � .05, **: .0001 � p � .001, ***: p � .0001. (D)
Pearson correlation analysis of SAH and GNMT.

FIG. 4. Metabolic pathway alterations in PCT. (A) Description of cysteine and methionine metabolism. (B) NAD metabolism and its
biological activities. NMN is synthesized from nicotinamide through the catalysis of nicotinamide phosphoribosyltransferase (NAMPT), which
is the first step of NAD synthesis by the salvage pathway. NMN is converted into NAD by nicotinamide nucleotide adenylyltransferase
(NMNATs) and NAD is subsequently used for NADP generation through mitochondrial NAD kinase (NADKs) catalysis. NADKs are pivotal to
balance the NAD pool and NADP pool, which plays a key role in modulating NAD-dependent and NADP-dependent biological reactions. (C)
The dysregulation of hexosamine biosynthesis and lysine degradation in prostate cancer. The red and blue fonts indicate significant increases
and decreases, respectively, in PCT. Œ: Differential genes or metabolites in discovery and validation phases.
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be up-regulated in PCT. These findings are summarized in
Fig. 4B.

Next, we further explored our observed differential altera-
tions in amino sugar and nucleotide sugar metabolism in PCT.
Several metabolites in the hexosamine biosynthesis pathway
(HBP) including D-glucosamine 6-phosphate (GlcN-6-P),
N-acetyl-D-glucosamine (GlcNAc), N-acetyl-D-glucosamine
6-phosphate (GlcNAc-6-P), and UDP-acetyl-glucosamine
(UDP-GlcNAc) increased in PCT. Gene expression data re-
vealed that genes involved in HBP (HK2, GFPT1, GNPNAT1,
and UAP1) were also up-regulated in PCT. HBP is part of
amino sugar and nucleotide sugar metabolism and integrates
diverse metabolic inputs for the biosynthesis of UDP-GlcNAc,
a key substrate for O-linked N-acetyl-glucosamine transfer-
ase (OGT). OGT is a vital enzyme in the O-GlcNAcylated
modification of proteins in the cytosol, mitochondria, and
nucleus and has been shown to be elevated at the mRNA level
in PCa (32, 33). Our findings of enhanced hexosamine bio-
synthesis in PCa are shown in Fig. 4C. Taken together, in-
creased flux through the HBP may lead to accumulation of
UDP-GlcNAc and subsequent hyperactivity of posttransla-
tional O-GlcNAcylation of diverse nuclear and cytosolic pro-
teins that regulate PCa malignant properties.

We also observed elevated levels of 2-aminoadipic acid,
saccharopine, trimethyllysine, and carnitine in PCT, suggest-
ing increased lysine degradation in tumor tissues (Fig. 4C).
Acetyl-CoA and carnitine are intermediate metabolites of ly-
sine degradation and play important roles in energy metabo-
lism, including fatty acid �-oxidation. We found that carnitine
and acylcarnitines were significantly altered, as carnitine and
hydroxylated short-chain acylcarnitine were increased, while
medium-chain and long-chain acylcarnitines were decreased
(except CN 18:0) in PCT (Fig. S2A). Enzymes of the carnitine
cycle (CPT I, CACT, CPT II) shuttle long-chain fatty acids
across the mitochondrial membranes, and various acylcar-
nitines of different lengths are generated during the process
by the catalysis of a series of chain-length-specific enzymes
(34). In support of increased fatty acid metabolism in PCa, we
found that the mRNA levels of the corresponding genes that
encode these enzymes were mostly elevated in PCT (Fig.
S2C).

In addition, sphingosine and pantothenic acid were ele-
vated in PCT, while dehydroepiandrosterone sulfate and etio-
cholanolone sulfate were reduced (Fig. S2D). Sphingosine is
an intermediate metabolite of sphingolipid metabolism, while
pantothenic acid is a pivotal precursor substance of CoA and
is important in regulating CoA homeostasis (35). In humans,
the adrenal androgen dehydroepiandrosterone sulfate is
taken up by prostate cancer cells and converted to dehydro-
epiandrosterone, which may act as a precursor to dihydrotes-
tosterone (36). Dihydrotestosterone has been shown to play
an important role in prostate cancer progression (37).

Validation of the metabolic and transcript alterations in
PCT—To validate our findings, we collected additional paired

ANT and PCT from another 51 patients (validation cohort).
Among them, 14 pairs were subjected to mRNA expression
analysis. Multivariate statistical analysis and paired non-para-
metric tests were performed on the validation cohort to filter
differential metabolites and genes. Differential metabolites of
PCT and ANT that were confirmed in the validation cohort are
given in Fig. 5A with z-score of each metabolite. In addition,
16 benign prostatic hyperplasia (BPH) tissues were investi-
gated, and differential metabolites of PCT and BPH are shown
in Fig. 5b.

Discovery and Validation of Metabolic Biomarker(s) of Pros-
tate Cancer—Next, we sought to determine whether potential
metabolic biomarkers specific to PCa could be identified from
our data. Our approach was to identify metabolites having
significant correlation with disease progression but unaltered
in ANT and BPH. We found that nine metabolites exhibited
this variation tendency (Fig. 5C). Citicoline, choline, panto-
thenic acid, carnitine C4-OH, GPC, NAD, and sphingosine all
increased, while phenylacetyl-glutamine and carnitine C14:2
decreased. In particular, levels of sphingosine increased with
disease progression and were significantly elevated (Fig. 5D)
in the discovery (2.6-fold, p � .0007) and validation cohorts
(2.7-fold, p � .0000), respectively. At the individual patient
level, 21 of 25 in the discovery cohort and 43 of 51 in the
validation cohort had elevated sphingosine levels in PCT
compared with paired ANT. Receiver-operating curves were
generated for both cohorts and showed an area under curve
of 0.866 in the discovery cohort and 0.812 in the validation
cohort (Figs. 5E–5F). Notably, in patients with low PSA level
(0–10 ng/ml), sphingosine had better performance to differ-
entiate PCT from BPH than PSA (area under curve of 0.756
versus 0.593) (Fig. 5G). These results suggested that sphin-
gosine may be a potential biomarker for differentiating PCa
from normal tissues, including BPH.

We further investigated the mechanisms underlying the in-
creased sphingosine levels observed in our tumor samples.
Sphingosine is the substrate for sphingosine kinase to gen-
erate sphingosine-1-phosphate (S1P), which subsequently
binds to a family of five G protein-coupled receptors, termed
S1PR1–5 (Fig. 5H). The resulting signaling cascade has been
shown to play an important role in cancer progression (38).
S1PR1 signaling can promote tumor cell proliferation and
migration through ERK and Rac pathway activation (39), while
S1PR3 and S1PR5 signaling leads to enhanced proliferation
and migration (40). On the other hand, sphingosine-1-phos-
phate receptor 2 (S1PR2) is considered to be antitumorigenic
and inhibits cells from metastatic spread through directing
Rac pathway antagonism as well as via Rho signaling (39, 41)
(Fig. 6A). We found significantly diminished S1PR2expression
in PCT compared with ANT (Fig. 6B). This was accompanied
by up-regulation of RAC3, which encodes the GTP binding
protein Rac3 and down-regulation of RND2 and RND3, which
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FIG. 5. Discovery and validation of sphingosine as a biomarker. (A) Z-score plot of differential metabolites of PCT and ANT in validation
cohorts. (B) Z-score plot of differential metabolites of PCT and BPH. (C) Histogram of nine important metabolites. (D) Volcano plot of the
differential metabolites of PCT and ANT in validation cohorts. (E) ROC curve of sphingosine to distinguish PCT from ANT in discovery
cohorts. (F) ROC curve of sphingosine to distinguish PCT from ANT in validation cohorts. (G) ROC curve of different markers to distinguish
PCT within PSA � 10 ng/ml from BPH in validation cohorts. (H) Schematic of sphingolipid metabolism. The red and blue fonts indicate
significant increases and decreases, respectively, in PCT. Œ: Differential genes or metabolites in discovery and validation phases.

FIG. 6. Alterations in S1PR pathways. (A) The major roles of S1P receptors in regulating cell proliferation and migration. Differential
expression in ANT and PCT of (B) S1PR2, (C) RAC3, (D) RND2, and (E) RND3.
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encode Rho GTPases (Figs. 6C–6E). These data suggested
that down-regulation of S1PR2 played a pivotal role in pros-
tatic carcinogenesis through stimulation of the Rac pathway
and blocking of the Rho pathway.

DISCUSSION

In this study, we integrated data from metabolomics and
transcriptomics and found significant alterations of several
metabolic pathways in prostate cancer at both the metabolic
and transcriptional levels. SAM, SAH, and MTA were accu-
mulated in prostate cancer. From the correlation analysis, we
found a significant positive correlation between SAH and
GNMT. Has-miR-100–5p could target GNMT, which was
found to be down-regulated in PCT (Table S3) (28). We de-
duced that the down-regulation of hsa-miR-100–5p may be
related to the elevated expression of GNMT, which in turn
affected SAH generation. GNMT has been shown to affect
genome stability in multiple manners including regulation of
the SAM:SAH ratio, binding to folate, and interaction with
environmental carcinogens like aflatoxin B1 (42). Therefore,
based on studies in both patient samples and tumor cell lines,
GNMT has been suggested to be a tumor susceptibility gene
in prostate cancer (43, 44).

Our study also demonstrated accumulation of NAD metab-
olites (NMN, NAD, NADP) in prostate cancer compared with
normal tissues. NAD metabolism participates in various kinds
of biological activities, including regulation of oxidative stress.
Like many other cancers, the generation of ROS secondary to
increased oxidative stress contributes to tumor progression in
prostate cancer (45). NAD(P)H oxidase (Nox) systems are
associated with ROS generation and have been shown to be
a major ROS source in prostate cancer cells through the
NAD(P)H-dependent reduction of molecular oxygen (30, 45).
In support of this, we found elevated expression in PCT of
Nox4, a member of the Nox family (p � .0002, PCT/ANT �

2.94). The increased expression of Nox may contribute to
ROS generation and subsequently promote prostate cancer
progression.

Genes involved in hexosamine biosynthesis were up-regu-
lated, including HK2, GFPT1, GNPNAT1, and UAP1, along
with up-regulation of OGT, which encodes O-linked N-acetyl-
glucosamine transferase. Glucose and glutamine serve as the
two pivotal carbon sources in tumor cells and are established
hallmarks of tumor metabolism (46, 47). In the setting of
glucose deprivation, normal cells can utilize GlcNAc to main-
tain hexosamine biosynthesis, which in turn promotes gluta-
mine uptake and mediates cell growth and survival (43). Like-
wise, increased hexosamine biosynthesis occurs in numerous
cancers, including prostate cancer, as evidenced by elevated
expression of OGT and production of O-GlcNAcylated end-
products (48). The HBP can be further driven by androgen
receptor signal in prostate cancer (49); the androgen receptor
signal can up-regulate expression of GFPT1 and UAP1, two
pivotal enzymes in hexosamine biosynthesis that enable pros-

tate cancer cell proliferation (33). Notably, si-RNA-mediated
or pharmacologic inhibition of OGT reduced prostate cancer
cell viability and decreased expression of cell cycle related
genes (33). Our metabolomics and transcriptomics data fur-
ther support the possibility of OGT as a key therapeutic target
in prostate cancer.

Significant �-oxidation of fatty acids in PCT samples was
found at both the metabolomic and transcriptional levels.
Carnitine and acylcarnitine play a key role in transferring long-
chain fatty acid from cytosol to mitochondria or peroxisome
for �-oxidation, which was significantly altered in PCT. Fur-
thermore, targeting lipid catabolism may represent a promis-
ing therapeutic strategy in prostate cancer. For example, it
has been shown that pharmacologic inhibition of CPT1A in
prostate cancer cells inhibited androgen receptor signaling
and induced apoptosis in both in vitro and in vivo models (50).
Likewise, ACAT1 expression was demonstrated to be a po-
tential prognostic biomarker in predicting aggressiveness of
prostate cancer (51). In our study, we found 1.6-fold and
2.2-fold elevations in CPT1A and ACAT1 expression, respec-
tively, which highlights the increased �-oxidation of fatty ac-
ids in prostate cancer. Studies in other cancers have demon-
strated genetic and metabolic alterations of lipids, fatty acids,
and acylcarnitines, which enabled tumor cells to meet in-
creased energy demands for cellular proliferation in nutrient-
limited and hypoxic tumor microenvironments (16, 52). Fur-
ther studies are warranted to reveal whether these changes
play a similar prominent role in prostate cancer progression.

We further analyzed our data for potential biomarkers to
differentiate PCT from ANT and BPH tissues. Sphingosine
was found to be the most prominent metabolite as it exhibited
significant fold-changes both in discovery and validation
phases. Compared with PSA, sphingosine has better sensi-
tivity and specificity in differentiating PCT from BPH, particu-
larly in patients with low PSA level. This finding is particularly
clinically relevant as the rate of incidentally diagnosed pros-
tate cancers upon repeat biopsy after initial negative biopsy is
�20% (53). Thus, better biomarkers are urgently needed to
improve the specificity of prostate cancer diagnosis and avoid
unnecessary biopsies. The elevated sphingosine levels may
be of potential diagnostic utility, particularly in cases of his-
topathological uncertainty and marginally elevated PSA.

Additional investigation revealed down-regulation of the
potent tumor suppressor, S1PR2, along with concurrent in-
creased RAC3 and decreased RND2 and RND3. Although an
additional in vitro experiment was not performed to validate
the functional consequence of these alterations, previous
work demonstrated potent antiproliferative and antimigratory
effects in melanoma and glioma cell lines after induction of
S1PR2 signaling (54, 55). S1PR2 overexpression also signifi-
cantly diminished hematogenous metastatic seeding in a mel-
anoma mouse model (56). A recent study showed a novel
anti-S1P monoclonal antibody Sphingomab can inhibit blad-
der cancer metastasis in vitro and in vivo models (57), sug-
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gesting pharmaceutical agonists of S1PR2 signaling may hold
therapeutic potential in prevention of cancer spread. Future
studies are needed to determine whether targeting of this
pathway may prevent metastatic spread of prostate cancer
cells.

In summary, profiling metabolite content and gene expres-
sion in PCT samples enabled comparisons of molecular find-
ings at different levels and deep understanding of the under-
lying metabolic alterations in prostate cancer. Perturbed
metabolism influenced a diverse array of intracellular path-
ways, including cysteine and methionine metabolism, gener-
ation of ROS, lysine degradation, and enhanced hexosamine
biosynthesis leading to increased posttranslational O-Glc-
Nacylation of nuclear and cytosolic proteins. We further iden-
tified sphingosine as a novel biomarker to differentiate PCT
from ANT or BPH, particularly in cases of low PSA levels, and
we deduced that diminished downstream S1PR2 signaling
may play a key role in the pathogenesis of prostate cancer.
Our study by integration of metabolomics and transcriptomics
data provides a systems-level perspective of prostate cancer
that could facilitate the development of novel therapeutic
targets and biomarkers for this disease. Future studies are
needed to validate the findings in large number of patients
and investigate their potential clinical utilities in prostate
cancer.
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