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ABSTRACT

Speckle-type POZ protein (SPOP), as a cullin-based E3 ubiquitin ligase, has been
identified as one of the most frequently mutated genes in prostate cancer (PCa).
However, whether SPOP mutations contribute to metabolic reprogramming in PCa
remains unknown. Here, integrated studies of transcriptomics and metabolomics as
well as lipidomics were performed in matched PCa tumor (PCT) and adjacent non-
tumor (ANT) tissues, followed by correlation analysis of SPOP mutations with altered
metabolic pathways in SPOP-mutated PCa patients. Interestingly, transcriptomics
profiling showed that all SPOP mutations (with 16.7% frequency, 11/66) occurred
at the conserved residues in the substrate binding domain of meprin and TRAF
homology (MATH). The results of integrated analysis indicated that three metabolic
pathways, including tricarboxylic acid (TCA) cycle, fatty acid metabolism and
glycerophospholipid metabolism, exhibited obvious upregulation in SPOP-mutated
PCT tissues. Furthermore, both correlation analyses based on integrated data and
cBioportal revealed that FH, ELOVL2 and ACADL genes might be involved in SPOP-
mutation-related upregulation of these metabolic pathways. Taken together, our
study provided new insights in understanding the relationship between metabolic
pathways and SPOP mutations in PCa.

INTRODUCTION

Prostate cancer (PCa) is the second most common
cancer and the fifth leading cause of death from
malignant carcinoma in men [1, 2]. It is estimated that
approximately 603,000 men were diagnosed with PCa
and 266,000 men died of PCa in China in 2015 [3]. The
incidence rates of PCa have shown an increasing trend
in almost all countries [4]. However, the pathogenesis
and etiology of PCa remain largely unknown. SPOP has
been identified as one of the most frequently mutated
genes in PCa with 6-15% mutation rate [5]. SPOP is a
cullin-based E3 ubiquitin ligase, involving meprin and
TRAF homology (MATH) protein interaction domain

and Bric-a-brac/Tramtrack/Broad complex (BTB) domain
[6]. Most of SPOP mutations have been reported to occur
in conserved residues at MATH domain which play key
roles in substrate interaction [5, 6]. Previous studies
demonstrated that the ubiquitination complex of SPOP-
CUL3 can regulate the degradation of various substrates,
such as DEK proto-oncogene (DEK) [7], nuclear receptor
coactivator 3 (NCOA3) [8], androgen receptor (AR) [9],
V-Ets avian erythroblastosis virus E26 oncogene homolog
(ERG) [10, 11] and cell division cycle 20 (CDC20) [12].
Thereby, the function of degrading oncogenic substrates
of SPOP can be abrogated by SPOP mutations, which
can partly explain the reason for PCa initiation and
progression.
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Accumulating evidence supports the notion that
metabolic pathway reprogramming plays a critical role
during cancer progression in various types of neoplasias
including PCa [13-16]. One of the most well-known
metabolic characteristics observed in tumor cells
is the Warburg effect, in which ATP and lactate are
produced by high rates of glycolysis instead of oxidative
phosphorylation [17]. Several recent studies have revealed
the occurrence of metabolic reprogramming in PCa.
Jonathan ef al. demonstrated that almost thirty metabolites
exhibited statistically significant changes in aggressive
prostate tumors relative to cancer-free prostate tissues,
including amino acid catabolites, lipid compounds and
energetics-related metabolites [18]. Metabolomics profiles
in PCa clinical samples showed that the accumulation
of sarcosine, a methylated metabolite of the amino acid
glycine, positively correlates with PCa progression [19].
Also, previous findings from our laboratory identified
sphingosine and cholesteryl oleate as potential molecular
biomarkers to distinguish PCa and benign prostatic
hyperplasia [20, 21]. Importantly, a recent review by Liu
et al. reported that fatty acids oxidation is a main pathway
for producing energy in PCa [22]. Furthermore, various
proteins have been determined to be involved in metabolic
pathway reprogramming in neoplastic prostate cells, such
as AR [23], steroid receptor coactivator 2 (SRC-2) [24],
MYC and AKT [25]. However, whether SPOP mutations
are associated with metabolic reprogramming in PCa has
not been explored before.

In this study, transcriptomics profiling was
applied for 66 matched prostate cancer tumor (PCT)
and adjacent non-tumor (ANT) samples. Mutation
information of corresponding patients was obtained.
Additionally, to obtain the comprehensive landscapes of
metabolic alterations in PCa patients, metabolomics and
lipidomics were performed by gas chromatography-mass
spectrometry (GC-MS) and liquid chromatography-mass
spectrometry (LC-MS) in matched PCT and ANT tissues.
Moreover, we characterized the metabolites and metabolic
enzymes related to SPOP mutations by integration of
transcriptomics and metabolomics as well as lipidomics.

RESULTS

Patient information and genetic alterations in
PCa patients

In this study, 66 patients with PCa were enrolled
for transcriptomic analysis and characterized by the
clinical pathological features (Table 1). The expression
data of 66 matched PCT and ANT tissues were profiled at
transcriptional level by RNA-Seq analysis. As shown in
Figure 1A, 16 highly mutated genes were found in PCT
tissues compared with matched ANT tissues, including
SPOP, myeloid/lymphoid or mixed-lineage leukemia
2 (MLL2), titin (TTN), collagen type XXII alpha 1

(COL22A41), myosin heavy chain 2 (MYH?2), ryanodine
receptor 1 (RYRI), semaphorin 5A (SEMA5A4), ATM
serine/threonine kinase (47M), cyclin dependent kinase
12 (CDK12), phosphatase and tensin homolog (PTEN),
tumor protein P53 (TP53), RUNXI1 translocation partner
1 (RUNXITI), GLI family zinc finger 3 (GLI3), collagen
type IV alpha 1 chain (COL4A1I), colony stimulating
factor 1 receptor (CSFIR), and catenin beta 1 (CTNNBI).
Among these mutated genes, SPOP was identified as
the most frequently mutated one in PCT tissues with a
16.7% frequency, which was consistent with the previous
report [5] (Figure 1A—1B). It was interesting that all
SPOP mutations occurred at the conserved residues in the
substrate-binding cleft of MATH (Figure 1C, Table 2).

Differential metabolites between the matched
PCT and ANT tissues in SPOP-mutated PCa
patients

Although SPOP is the most frequently mutated
gene in PCa, the metabolic pathways regulated by
SPOP are still unclear. To uncover the potential SPOP-
related metabolic pathways, we profiled metabolite
alterations using GC-MS and LC-MS in SPOP-mutated
PCT tissues and their matched ANT tissues. A total of
51 differential metabolites were identified in SPOP-
mutated PCT tissues relative to the matched ANT tissues
(Supplementary Table 1). Of these, only 3 metabolites
including glycochenodeoxycholic acid (GCDCA),
histamine and carnitine C8:0, significantly decreased in
SPOP-mutated PCT tissues, whereas other 48 metabolites
(lipids, organic acids, carbohydrates etc.) increased
obviously (Supplementary Table 1, Figure 2A). The top
six remarkably upregulated metabolites were nicotinamide
adenine dinucleotide (NAD), cholesteryl ester (CE) 24:5,
CE 20:1, ceramide (Cer) 38:2, 2, triacylglycerol (TAG)
55:1 and phosphatidylcholine (PC) 28:0 (Figure 2B-2G).
These results suggest that several metabolic pathways may
be associated with SPOP mutations.

Integration of transcriptomics, metabolomics
and lipidomics in SPOP-mutated PCa patients

One omics was insufficient to illustrate the
alterations occurring in PCa, hence integrated studies of
transcriptomics, metabolomics and lipidomics data were
performed to further identify the metabolic pathways
related to SPOP mutations. Gene set analysis was
applied for finding altered metabolic pathways in 11
SPOP-mutated patients using Kyoto Encyclopedia of
Genes and Genomes (KEGG) database [26] by online
software Consensuspathdb [27]. Total 3766 differential
transcripts were used for gene set analysis to calculate
the related metabolic pathways, of which 1840 transcripts
were upregulated whereas 1926 transcripts were down-
regulated. Most of the related metabolic pathways were
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Table 1: Clinical characteristics of PCa patients used for transcriptomics analysis

Characteristics Total number Percentage (%)

Gleason score 3+3 5 7.6
3+4 23 34.9

3+5 1 1.5
4+3 13 19.7
4+4 10 15.2

4+5 5 7.6
5+4 7 10.6

5+5 2 3.0
Pathological stage T2cNOMO 36 54.6
T2cN1IMO 2 3.0
T3aNOMO 9 13.6

T3aN1MO 1 1.5
T3bNOMO 9 13.6

T3bN1IMO 2 3.0

T4ANOMO 5 7.6

NA 2 3.0
Pathological progression Localized 36 54.6
Locally advanced 23 349

Metastatic 6 9.1

NA 1 1.5

NA indicated that the information is missing.

significantly upregulated in PCT tissues of SPOP-
mutated cohort (Table 3). Only two metabolic pathways
involving thyroid hormone synthesis and arachidonic acid
metabolism were down-regulated in SPOP-mutated PCT
tissues.

Next, to understand SPOP-regulated metabolic
pathways, we combined the transcriptomics data with our
metabolomics and lipidomics data from SPOP-mutated
cohort and constructed an overall network of metabolic
pathways. As presented in Supplementary Figure 1, four
sections of metabolic pathways including glycolysis, TCA
cycle, fatty acid metabolism and glycerophospholipid
metabolism, exhibited obvious alterations in SPOP-
mutated PCT tissues. Moreover, most of differential
metabolites involved in these metabolic pathways were
significantly upregulated in SPOP-mutated PCT tissues,
which were consistent with the altered trends of the
relevant transcripts.

Increasing evidence indicates that altered fatty acid
metabolism, including biosynthesis, transportation and
degradation, frequently occurs during PCa progression
[22, 28]. Our transcriptomics data showed that 5

genes involved in fatty acid biosynthesis such as fatty
acid synthase (FASN), acetyl-CoA carboxylase alpha
(ACACA), malonyl-CoA-acyl carrier protein transacylase
(MCAT), ELOVL fatty acid elongase 2 (ELOVL2) and
3-oxoacyl-ACP synthase, mitochondrial (OXSM), 6
genes involved in fatty acid oxidation including acyl-
CoA dehydrogenase, long chain (4CADL), hydroxyacyl-
CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-CoA
hydratase (trifunctional protein), beta subunit (HADHB),
acyl-CoA dehydrogenase, short/branched chain (4CADSB),
enoyl-CoA hydratase 1 (ECHS!), enoyl-CoA, hydratase/3-
hydroxyacyl CoA dehydrogenase (EHHADH) and
hydroxyacyl-CoA dehydrogenase (HADH), and 3 genes
involved in fatty acid transportation such as solute carrier
family 27 member 2 (SLC27A2), solute carrier family
27 member 4 (SLC27A44) and solute carrier family 27
member 5 (SLC27A45), were obviously upregulated in
SPOP-mutated PCT tissues (Supplementary Figure 1A and
Supplementary Figure 2). Additionally, 9 free fatty acids
(FFAs) were found to increase significantly in SPOP-
mutated PCT tissues in metabolomics profiling, including
saturated and unsaturated fatty acids (Figure 3A-3I).
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These findings indicated that fatty acid metabolism
might be a dominant energy source for tumor growth in
SPOP-mutated PCa patients. Furthermore, integrated
analysis was conducted by calculating Pearson correlation
coefficients (PCC) between 58 transcripts and 52
metabolites involved in fatty acid metabolic pathways
and showed strong correlations between transcripts and
metabolites in SPOP-mutated cohort (Figure 3J). Of
these transcripts, ACADL and ELOVL2 exhibited the
strongest correlations with most of fatty acid metabolites,
suggesting that the alterations of ACADL and ELOVL?2
may be regulated by SPOP mutations.

In addition, glycerophospholipid metabolism was
another remarkably altered pathway in SPOP-mutated
cohort (Supplementary Figure 1B and Supplementary
Table 1). Metabolomics and lipidomics analyses
showed that most of the key intermediate metabolites
involved in glycerophospholipid metabolism, such as
PC and phosphatidylethanolamine (PE), were obviously
increased in SPOP-mutated PCT tissues. Consistently,
our results of transcriptomics also showed significant
elevation of 8 involving genes, such as 1-acylglycerol-
3-phosphate O-acyltransferase 6 (AGPAT6), membrane
bound O-acyltransferase domain containing 2
(MBOAT?2), lysocardiolipin acyltransferase 1 (LCLATI),
1-acylglycerol-3-phosphate O-acyltransferase 3
(AGPAT3), ethanolaminephosphotransferase 1 (EPT1),
lysophospholipase 1 (LYPLAI), phospholipase A2
group XIIA (PLA2G12A4) and lysophosphatidylcholine
acyltransferase 3 (LPCAT3) (Supplementary Figure 1B).
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These findings indicated that an overall upregulated
glycerophospholipid metabolic pathway in SPOP-mutated
PCT tissues.

It is well-accepted that TCA cycle plays a critical
role in cancer progression [29]. Here, based on the
metabolomics analysis, fumarate and malate, two key
intermediates involved in TCA cycle, were found to
upregulate markedly in SPOP-mutated cohort (Figure
4A and 4B). Surprisingly, the catabolic enzymes of
fumarate hydratase (FH) and malic dehydrogenase 2
(MDH?2) transcripts were significantly upregulated in
transcriptomics profiles in SPOP-mutated cohort (Figure
4C and 4D). Moreover, a correlation network based on
PCC between transcripts and metabolites in TCA cycle
showed obvious correlations between FH, isocitrate
dehydrogenase 1 (/DHI) transcripts and fumarate as
well as malate (Figure 4E). However, there was neither
correlation between MDH?2 transcript and metabolites nor
significant alteration for /DH] transcript in transcriptomics
profiles. Hence, these alterations revealed that the obvious
upregulation of FH gene in PCa might be associated with
SPOP mutations.

Transcriptomics and metabolomics differences
between SPOP-WT (wild type) and SPOP-
mutated PCT tissues

To find out the transcriptomic differences
between SPOP-WT and SPOP-mutated PCT tissues, the
transcriptomic data from 11 SPOP-mutated PCT tissues
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Figure 1: The frequently mutated genes in PCa patients. (A) The percentages of mutated genes in prostate cancer patients (left).
The distribution map of mutated genes in PCa patients, each column represents a patient and each row represents a mutated gene (right).
(B) The distribution map of SPOP mutations in transcriptomics study cohort. (C) The position of somatic alterations in SPOP across the

11 SPOP-mutated PCa cohorts.
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Table 2: Mutation information and clinical characteristic of 11 SPOP-mutated PCa patients.

Sample Pathological progress Gleason score Function Amino acid change
SPOP_M Patient 1* localized 3+3 missense p-WI31G
SPOP M Patient 2 locally advanced 3+4 missense p.F125C
SPOP M Patient 3 localized 3+4 missense p.Y87C
SPOP M Patient 4 locally advanced 4+3 missense p.F102C
SPOP_M Patient 5 locally advanced 4+3 missense p.F102C
SPOP M Patient 6* localized 4+3 missense p.F133V
SPOP M Patient 7 locally advanced 4+4 missense p.F133V
SPOP M Patient 8 localized 445 missense p-W131C
SPOP M Patient 9° localized 445 missense p.F133L
SPOP M Patient 10 locally advanced 5+4 missense p.F102C
SPOP M Patient 11 locally advanced 5+5 missense p-F102Y

* Samples were used in metabolomics and lipidomics analysis.

were analyzed by comparing with those of 52 SPOP-
WT PCT tissues. Totally, 1357 differential transcripts
were found out and used to analyze the related
pathways by Consensuspathdb [27]. Several pathways
such as cell cycle, steroid hormone biosynthesis and
others displayed obvious differences between SPOP-
WT and SPOP-mutated PCT tissues (Figure 5SA). Five
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transcripts related to fatty acid degradation, including
acyl-CoA dehydrogenase, C-2 To C-3 short chain
(ACADS), acyl-CoA synthetase long-chain family
member 1 (ACSL1), ECHSI, ACADSB and HADH, were
shown remarkable upregulation in SPOP-mutated PCT
tissues (Figure 5B—5F), of which ECHSI, ACADSB
and HADH were also upregulated significantly when
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Figure 2: Differential metabolites between the matched PCT and ANT tissues in SPOP-mutated PCa patients.
(A) Heatmap of 51 differential metabolites between the matched PCT and ANT tissues in SPOP-mutated cohort. (B—G) The normalized
peak intensity values of the top six remarkably upregulated metabolites including NAD (B), CE 24:5 (C), CE 20:1 (D), Cer 38:2,2 (E), TAG
55:1 (F), PC 28:0 (G) are shown. "p < 0.05 compared with the ANT tissues. S-PCT, SPOP-mutated PCT tissues; S-ANT, SPOP-mutated

ANT tissues.
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Table 3: Gene set analysis of 11 SPOP-mutated PCa patients was performed by KEGG database

Pathway name

Candidates contained

Thyroid hormone synthesis”
Valine, leucine and isoleucine degradation
Oxidative phosphorylation
Cysteine and methionine metabolism
Pyrimidine metabolism
Glycine, serine and threonine metabolism
Alanine, aspartate and glutamate metabolism
Arachidonic acid metabolism®
Fatty acid degradation
Purine metabolism
Fructose and mannose metabolism
Pyruvate metabolism

Butanoate metabolism

19
14
26
10
19
10
9
12
10
26
8
9
7

"Down-regulated metabolic pathways in SPOP mutated PCT tissues. Others were upregulated metabolic pathways (non-

labeled).

The results were calculated by consensuspathdb online software. 3766 differential transcripts were used for gene set analysis,
of which 1840 transcripts were upregulated and 1926 transcripts were down-regulated. Candidates contained indicates the
number of altered transcripts involved in these metabolic pathways in our study. The altered metabolic pathways with p <

0.01 are listed.

compared to their matched ANT tissues. Moreover,
based on the metabolomics and lipidomics data,
the top six differential metabolites between SPOP-
WT and SPOP-mutated PCT tissues were found, of
which diacylglycerol (DAG) 36:4, as an important
diacylglycerol metabolite, exhibited obvious increase
in SPOP-mutated PCT tissue (Figure 5G-5L). These
results were consistent with the alterations summarized
in Supplementary Figure 1.

Validation of the correlation between SPOP and
metabolic genes including FH, ELOVL?2 and
ACADL

To further validate the correctness of
aforementioned findings, the big database of cBioportal
[30, 31] was used to search for the alteration frequency
of SPOP, FH, ELOVL?2 and ACADL genes in PCa and
analyze the potential correlations of SPOP with FH,
ELOVL2 and ACADL. ACTB was used as negative
control and ERG was used as positive control. Of note,
SPOP (18%), FH (9%), ELOVL2 (5%) and ACADL (5%)
were significantly altered in PCa cohorts (Supplementary
Figure 3A, 333 samples; Primary Prostate Carcinomas;
TCGA, Cell 2015) [32]. Frequently, the mRNA
expression of FH, ELOVL2 and ACADL was upregulated
in SPOP mutated patients (Supplementary Figure 3A).

The SPOP mutations exhibited remarkable co-occurrence
correlations with genetic alterations of FH, ELOVL2
and ACADL and significant exclusivity correlation with
ERG, but not with ACTB (Supplementary Figure 3B).
These results were consistent with our findings of
transcriptomics that the expression of FH, ELOVL2 and
ACADL were obviously upregulated in SPOP mutated
patients.

Furthermore, the expression of FH, ELOVL2 and
ACADL were validated in SPOP_WT and SPOP_YS87N
transduced HEK293T, LNCaP and PC3 cells (Figure 6,
Supplementary Figure 4). The protein levels of FH and
ELOVL2 were significantly decreased in SPOP_WT
transduced LNCaP cells compared with the control and
SPOP_YS87N transduced LNCaP cells (Figure 6A). In
293T cells, transducing SPOP_WT caused a significant
decrease in the protein levels of FH and ACADL
compared with the control and SPOP_Y87N transduced
cells (Supplementary Figure 4). Additionally, compared
with the control as well as SPOP_Y87N transduced
LNCaP and PC3 cells, the mRNA level of FH was
also decreased in SPOP_WT transduced cells (Figure
6C—6D). Taken together, our findings suggest that F'H,
ELOVL2 and ACADL genes might be the downstream
transcripts of SPOP and play critical roles in the
upregulation of metabolic pathways mediated by SPOP
mutations.
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DISSCUSSION

SPOP is recognized as one of the most frequently
mutated genes in PCa [5], which was also confirmed in our
current study (Figure 1A). Increasing evidence supports
the notion that SPOP mutations define a distinct molecular
subclass of PCa [5, 9, 33]. Although a large body of
studies focus on the functions of SPOP mutations in PCa,

less is known about SPOP-mutation-related metabolic
pathways. Here, our study reported for the first time that
several altered metabolic pathways in PCT tissues might
be intimately associated with SPOP mutations.
Traditionally, metabolomics and transcriptomics
have been investigated alone. Transcriptomics, defined
as a global expression profiling of RNA transcripts, has
been widely applied as a valuable tool to comprehensively
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Figure 3: The alterations in fatty acid metabolic pathway in SPOP-mutated cohort. (A-I) The normalized peak intensity
values of FFA 19:0 (A), FFA 20:0 (B), FFA 22:0 (C), FFA 20:1 (D), FFA 20:2 (E), FFA 20:3 (F), FFA 22:2 (G), FFA 22:3 (H), FFA 22:4
(I) are shown. (J) Heatmap of PCC between 58 transcripts and 52 metabolites in fatty acid metabolic pathway. Each column represented a
transcripts and each row represented a metabolites. "p < 0.05 compared with the ANT tissues. S-PCT, SPOP-mutated PCT tissues; S-ANT,

SPOP-mutated ANT tissues.
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understand genetic alterations [34—36]. Metabolomics, as
a global analysis of numerous metabolites, can provide
data-rich information of metabolic alterations and is
usually applied for discovering biomarkers [19, 37].
However, transcriptomics is limited to post-transcriptional
modifications and metabolomics is limited to the
functional analysis of metabolites. To avoid the limitations
of single omics, integration of transcriptomics and
metabolomics was performed in this study, which could
precisely identify the altered metabolic pathways during
disease progression and deeply understand the alterations
of metabolites. Here, we investigated the alterations
of metabolic pathways in SPOP-mutated PCa patients
by integration of transcriptomics and metabolomics
as well as lipidomics, followed by validation of the
correlation between SPOP and metabolic genes through
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cBioportal. Importantly, our transcriptomics data and
metabolomics data could support each other, which could
also be confirmed by the results from correlation analysis,
suggesting a high credibility.

It is well-known that SPOP usually acts as a tumor
suppressor in PCa and somatic missense mutations
of SPOP occur frequently in PCa [5]. AR has been
identified as a central player in PCa progression including
cell proliferation, migration and metabolism, and also
a validated therapeutic target [38]. Several previous
studies demonstrated that SPOP could directly bind to
AR and contribute to its ubiquitination and degradation
[9, 39]. Additionally, AR has been reported to be
intimately associated with the alterations in metabolism
and biosynthesis in PCa [40]. Hence, we speculated that
there might be a relationship between SPOP mutations

Malate
30000 *
o]
= | |
=
% 20000 -1
= —
E d =
E 10000 -1 s
£ —wge—
4 ——
S-ANT S-PCT
MDH?2

N ®
S S

Gene expression
-
3

:

SDHC

ACO2

Figure 4: The alterations in TCA metabolic pathway in SPOP-mutated cohort. (A-B) The normalized peak intensity values
of fumarate (A) and malate (B). (C—D) The expression of FH (C) and MDH?2 (D) transcripts. (E) A correlation network was constructed
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and metabolic alterations in PCa. As expected, numerous upregulated metabolites were lipids (Figure 2B-2G).

metabolites were found to express aberrantly in SPOP- Moreover, almost all differential metabolites and
mutated PCT tissues, most of which were significantly transcripts involved in fatty acid metabolic pathway and
upregulated. Specifically, five of the top six remarkably glycerophospholipid metabolic pathway were notably
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Figure 5: Differences between SPOP-mutated and SPOP-WT PCT tissues. (A) Differential pathways between SPOP-mutated
and SPOP-WT PCT tissues by transcriptomics analysis. (B-F) Differential fatty acid-related transcripts between SPOP-mutated and
SPOP-WT PCT tissues, including (B) ACADS, (C) ACSLI, (D) ECHSI, (E) ACADSB, (F) HADH. (G-L) Differential metabolites between
SPOP-mutated and SPOP-WT PCT tissues, including (G) DAG 36:4, (H) y-Glu-Cys, (I) D-pantothenic acid, (J) CE 28:5, (K) Phosphate,
(L) 3-Hydroxyisovaleric acid. “p < 0.05, SPOP-mutated compared with SPOP-WT PCT tissues. (A: the dot size indicated the gene number,
the dot color indicated the p value, the edge width indicated the shared genes and the edge color indicated the genes form input. If the dot
and edge color were deeper, smaller the p value or lager the genes form input was indicated. If the dot and edge was bigger or wider, lager
gene numbers or shared genes were indicated. WT, SPOP-WT PCT tissues; MUT, SPOP-mutated PCT tissues).
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upregulated in SPOP-mutated PCT tissues (Figure 3,
Supplementary Figures 1-2 and Supplementary Table 1).
Therefore, these findings suggest that lipid accumulation
in PCT tissues may be closely associated with SPOP
mutations.

TCA cycle plays a critical role in the transformation
of energy metabolites and frequently dysregulated during
cancer progression [29, 41]. In PCT tissues, TCA cycle
is highly activated by loss of zinc accumulation, which
can produce energy to fuel prostate tumorigenesis [42, 43].
In our data, fumarate and malate increased obviously in
PCT tissues of SPOP-mutated cohort and exhibited highly
correlations with the upregulation of FH by integration
of transcriptomics and metabolomics (Figure 4).
Surprisingly, it was also found that SPOP mutations
positively correlated with upregulation of FH based
on cBioportal analysis (Supplementary Figure 3). Our
findings revealed that the increase of fumarate and malate
in PCT tissues might be mediated by SPOP mutations at
the transcriptional level (Supplementary Figure 3).

As another key metabolic pathway, fatty acid
metabolism is usually upregulated in PCa [44], which is
consistent with our results that various metabolites and
transcripts were markedly upregulated in SPOP-mutated
PCT tissues. Among these transcripts, ACADL has been
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identified as a key modulator in fatty acid B-oxidation and
its expression can contribute to the malignant phenotypes
of PCa cells [45]. Fatty acid oxidation is an important
energy supplement in PCa [46]. Moreover, the over-
expression of FASN, a key enzyme involved in fatty acid
biosynthesis, can promote the PCa progression [47]. In the
present study, ACADL showed notable upregulation and
strong correlation with most of fatty acid metabolites in
PCT tissues with SPOP mutations. In addition, ELOVL?2,
an elongase of long-chain fatty acid, also exhibited the
similar alterations with ACADL in SPOP-mutated tissues
(Figure 3J, Supplementary Figure 1A, and Supplementary
Figure 2). Of note, cBioportal database showed a highly
positive correlation between SPOP mutations and the
genetic alteration of both two genes in primary PCa
(Supplementary Figure 3). Therefore, our data indicated
that the elevated fatty acid metabolism in PCa might be
affected by SPOP mutations.

Although FH, FELOVL2 and ACADL were
recognized as key genes in SPOP mutated PCa patients in
this study, their oncogenic roles still need to be proved in
PCa. Previously, several studies have been reported that
FH is frequently mutated in renal cancer [48], ELOVL2
is upregulated in hepatocellular cancer [49], and ACADL
is associated with prostate cancer progression[45].
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Figure 6: Expression of FH and ELOVL2 in SPOP_WT and SPOP_ Y87N transduced PCa cells. (A-B) Immunoblotting
of FH and ELOVL2 in SPOP_WT and SPOP_Y87N transduced LNCaP and PC3 cells. (C-D) QRT-PCR of F/H in SPOP_WT and SPOP
Y87N transduced LNCaP and PC3 cells. n = 3 for each group. (Con, Control, PLOC.RFP vector; WT, SPOP_WT; Y87N, SPOP_YS87N.).
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Moreover, AR and ERG are important substrates of SPOP.
AR, a type of nuclear receptor that is activated by binding
to the androgenic hormones, can regulate eukaryotic
gene expression and affect cellular proliferation and
differentiation. Importantly, AR is highly activated in
prostate cancer and fuels prostate cancer by upregulating
glycolysis and fatty acid metabolism [23]. Also, AR
transcriptional activity is increased in SPOP mutated
prostate cancer [50]. In addition, ERG is an oncogenic
regulator, which can modulate citrate, polyamines and
choline-associated metabolites in PCa [51]. In this
study, we found that fatty acid metabolism and choline-
associated metabolism were upregulated in SPOP mutated
PCa patients.

Moreover, the data of transcriptomics and
metabolomics between SPOP-WT and SPOP-mutated
PCT tissues were also analyzed and several critical
metabolic pathways during PCa development showed
obvious differences (Figure SA). Among these pathways,
steroid hormone pathway has been reported to be
associated with the risk of PCa progression [52]. In
addition, several important transcripts related to fatty
acid metabolic pathway, especially ECHSI, ACADSB and
HADH, were remarkably upregulated in SPOP-mutated
PCT tissues when compared to their matched ANT
tissues as well as SPOP-WT PCT tissues (Figure 5SB—5F).
Furthermore, DAG 36:4, as an important diacylglycerol
metabolite, also obviously increased in SPOP-mutated
PCT tissue (Figure 5G). Although lipid accumulation
and upregulated fatty acid metabolism were found in
PCT tissues in an overall analysis [21, 22], our findings
demonstrated that such changes were more significant
in SPOP-mutated PCT tissue. Nevertheless, no many
differential metabolites between SPOP-WT and SPOP-
mutated PCT tissues were found, which was probably
due to the small size of samples. Hence, large-scale
population-based studies are needed to be performed to
further explore the SPOP mutation-related metabolic
pathways as well as the molecular mechanisms.

In summary, various metabolic pathways were
demonstrated upregulation at both transcriptional
and metabolic levels in PCT tissues by integration of
transcriptomics and metabolomics as well as lipidomics.
Furthermore, we found that three upregulated metabolic
pathways in PCT tissues including TCA cycle, fatty acid
metabolism and glycerophospholipid metabolism, showed
intimate association with SPOP mutations. Our study
provided new insights in understanding the relationship
between SPOP mutations and metabolic pathways in PCa.
However, only the comparison of SPOP mutated PCT and
ANT tissues is not enough to obtain the SPOP regulated
metabolic pathways. Here, only a few differential
metabolites were found between SPOP mutated and non-
mutated PCT tissues. Additionally, SPOP mutated patients
also obtained some other genetic alterations, which could
be the main reason why only got few differences between

SPOP-mutated and SPOP-WT cancer tissues. Further
research would be needed to better understand such
relationship in a large number of SPOP-mutated PCa
patients as well as by functional detection in vitro and
in vivo.

MATERIALS AND METHODS

Chemicals, reagents, plasmids and transfection

Ultrapure water was prepared using Milli-Q water
purify system (Millipore, Billerica, MA, USA). Some
chemical standards including methyl tert-butyl ether (MTBE),
pyridine, dichloromethane, methoxyamine hydrochloride,
(N-methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA),
ammonium acetate, formic acid and ammonium bicarbonate
were obtained from Sigma-Aldrich (St. Louis, MO, USA),
and other standards such as LC or MS grade methanol,
acetonitrile, chloroform and isopropanol were purchased
from Merck (Darmstodt, Germany).

SPOP WT plasmid was kindly provided by Prof.
Jiang Liu from Beijing Institute of Genome Research,
Chinese Academy of Sciences. SPOP-mutated plasmids
Y87N were kindly provided by Dr. Chenji Wang from
Fudan University. SPOP WT, Y87N were cloned into Ploc.
RFP vector with 3 x Flag label. TurboFect Transfection
Reagent (Thermo Scientific; Waltham, MA, USA) was
used for transfection.

Clinical sample collection and preparation

Totally, 66 patients were enrolled from Shanghai
Changhai Hospital and wrote informed consent. The
patient information of 66 PCa patients was listed on
Table 1 with information of GS score, pathological stage
and pathological progression, including SPOP-WT and
SPOP-mutated PCa patients. All experimental protocols
were approved by Institutional Review Board of the
Shanghai Changhai Hospital, Second Military Medical
University, Shanghai, China. All matched ANT and PCT
tissues were obtained from surgery, flash-frozen in liquid
nitrogen and kept at —80°C until analysis. Hematoxylin
and eosin staining was used for histological diagnosis. In
SPOP-WT and SPOP-mutated patient comparison, the
SPOP-WT and SPOP-mutated patients were analyzed at
the same batch by metabolomics and lipidomics studies
and the patient information had been listed with SPOP-
WT and SPOP-mutated PCa patients [21].

LC-MS based metabolomics and lipidomics
analyses

LC-MS based metabolomics and lipidomics analyses
of PCT and ANT tissues were performed as previously
described [20, 21]. Briefly, the extraction of metabolites
was performed using a system containing menthol,
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MTBE and water. ACQUITY™ Ultra Performance
Liquid Chromatography (UPLC) system (Waters, Milford,
MA, USA) was used for chromatographic separation,
followed by global metabolomics and lipidomics profiling
performed by a coupled AB Sciex tripleTOF 5600 plus
mass spectrometer (Applied Biosystems Sciex, Foster
City, CA, USA).

GC-MS based metabolomics analysis

GC-MS based metabolic profiling of PCT and ANT
tissues was analyzed using GCMS-QP 2010 analytical
system (Shimadzu, Kyoto, Japan) equipped with EI
(electron impact) ionization source as previously described
with slight modifications [53]. In brief, the extraction of
metabolites was conducted using a system containing
80% menthol, water and 10 pg/mL tridecanoic acid on ice.
Chromatographic separation of metabolites was performed
on a DB-5 MS capillary column (J & W scientific, Folsom,
CA, USA).

Transcriptomics analysis

The data of gene expression and somatic mutations
were obtained using RNA-seq analysis as previously
described [54]. Briefly, the total RNA was extracted
by using TRIzol reagent and cDNA sequencing was
performed by using Illumina Kit (San Diego, CA, USA)
according to the manufacturers’ instructions. TopHat
software was used to calculate the clean reason of RNA
nucleotide sequences.

cBioportal data analysis

Genetic alteration frequency of SPOP, ACADL,
ELOVL2, FH, ACTB and ERG in PCa was analyzed using
cBioportal (http://www.cbioportal.org/index.do) [30, 31].
All searches were conducted according to the online
protocols of cBioportal. Additionally, the correlation
analyses between SPOP and FH, ELOVL2 as well as
ACADL were performed based on their mutation and
expression in primary prostate carcinomas (TCGA, Cell
2015).

Immunoblotting

Immunoblotting was performed as previously
described [21]. Cells were prepared by RIPA (radio-
immunoprecipitation assay) buffer with phosphatase
inhibitors (Sigma). After vortex 30 s, cells were lysed at
ice for 15 min and centrifuged at 12000 rpm for 15 min
at 4°C. Supernatant was denatured and used for sodium
dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) separation. The proteins were then
transferred to a polyvinylidene fluoride (PVDF) membrane
(Bio-Rad; Hercules, CA, USA). Subsequently, the
membranes were immunoblotted with the corresponding

primary antibodies followed by peroxidase-conjugated
secondary antibodies. The bonds were visualized by
Chemiluminescence (Thermo Scientific, Waltham, MA,
USA). SPOP (1:1000 Proteintech; 16750-1-AP), Flag
(1:1000 Proteintech; 66008-2-1g), GAPDH (1:2000 Cell
Signaling Technology; #5174), FH (1:1000 Proteintech;
10966-1-AP), ELOVL2 (1:500 Abcam; EPR11880),
ACADL (1:1000 Proteintech; 17526-1-AP) and Vinculin
(1:2000 Sigma; V4505) antibodies were used in the study.

Real-time PCR

For real-time PCR analysis, mRNA was
extracted by RNAiso Plus (Takara, Dalian, China).
Then, the mRNA was reverse transcription to cDNA
by PrimeScript™ RT reagent Kit with gDNA Eraser
(Perfect Real Time) (Takara, Dalian, China). SYBR®
Premix Ex Taq™ (Tli RNaseH Plus) (Takara, Dalian,
China) was used for quantitative analysis. The CFX96™
Real-Time PCR Detection Systems was used. The FH
primers were: FH-F, GGAGGTGTGACAGAACGCAT;
FH-R, CATCTGCTGCCTTCATTATTGC; ACTB-F;
TGACGTGGACATCCGCAAAG; ACTB-R, CTGGA
AGGTGGACAGCGAGG.

Data processing and statistics

For comparing the differential metabolites between
the matched PCT and ANT tissues in SPOP-mutated
patients in metabolomics and lipidomics profiling, two-
sided Mann—Whitney U test was used and P < 0.05
was considered to indicate statistical significance. The
heatmap was visualized using Multi Experiment Viewer
(MeV, version 4.8.1) according to the ratios of normalized
peak intensity between paired PCT and ANT tissues [55].
Two-sided Mann—Whitney U test (Matlab, 2014b) was
also used to find out the differential transcripts between
11 matched PCT and ANT tissues in SPOP-mutated
patients. P-value was set less than 0.05 and fold change
was set more than 2 or less than 0.5. A total of 1840
upregulated and 1926 down-regulated transcripts were
used for gene set analysis by ConsensusPathDB (http://
consensuspathdb.org/) [27], and KEGG [26] was used as
database. Minimum overlap with input list was defined
as 2 and P < 0.01 was set as statistically significant. The
comparison of SPOP mutated and not mutated PCT tissues
were calculated by two-sided Mann—Whitney U test and P
< 0.05 was considered statistical significance.

The ratios of metabolites and transcripts in PCT
tissues to that in matched ANT tissues were calculated
using normalized peak intensity of metabolites and
gene expression data, respectively. The correlations
between PCT to ANT ratio of transcripts and metabolites
were analyzed based on PCC (Matlab, 2014b) and the
correlation network was visualized using cytoscape (3.3.0)
[56]. Human metabolome database (HMDB) was used to
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search for the functions of metabolites (http://www.hmdb.
ca/) [57]. The networks between metabolites and genes
were searched at KEGG (http://www.kegg.jp/kegg/) [26].
The Scatter plot is drawn by GraphPad Prism 5.
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