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Abstract 

Prostate-specific antigen, a biomarker used to diagnose prostate cancer, exhibits poor sensitivity. 
Although previous studies have focused on identifying a new diagnostic biomarker, the molecules 
or networks identified in these studies are also present in other cancers, making it difficult to 
detect prostate cancer specifically. A unique characteristic of the prostate gland is the increased 
mitochondrial energy metabolism when normal prostate cells progress to cancer cells. Thus, we 
attempted to find a prostate cancer-specific signature present in this unique environment. Proteins 
that were differentially expressed between a prostate cell line and three prostate cancer cell lines 
were identified using proteomic analysis. Not surprisingly, the most prevalent proteins detected by 
network analysis of proteins that were up-regulated at least 1.2-fold in cancer cells, compared to 
that in normal prostate cells, were those involved in mitochondrial energy metabolism. In addition, 
we showed that Yin Yang 1 (YY1) was a major transcription factor involved in regulating energy 
metabolism. To determine whether YY1 regulates genes associated with mitochondrial energy 
metabolism in prostate cells, cells were subjected to quantitative polymerase chain reaction 
analysis in the presence or absence of the YY1 inhibitor NP-001. Notably, inhibition of YY1 
resulted in reduced expression of genes related to the Krebs cycle and electron transport chain in 
prostate cancer cell lines. Based on this finding, we suggest that there is a tumor-specific signature 
that regulates mitochondrial energy metabolism in prostate cancer cells. This work provides a 
foundation for further work on identifying a means for the specific diagnosis of prostate cancer. 
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Introduction 
In recent years, several proteomics studies have 

focused on identifying novel diagnostic biomarkers in 
patients with prostate cancer [1-5]. Most of these 
previous reports have found novel biomarkers by 
identifying networks associated with the 
prostate-specific antigen, the most commonly used 
marker in prostate cancer [6-8], or pathways 
associated with differentially expressed proteins 

[9-11]. However, the diagnostic markers or networks 
revealed through these studies have a limited ability 
to detect prostate cancer because they are also 
overexpressed in other cancers [12-17]. Therefore, it is 
necessary to find a signature that is specific to the 
prostate cancer environment.  

 Unlike other soft tissues, the prostate gland has 
a unique energy metabolism system, producing 14 
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ATP molecules per glucose under normal conditions. 
This phenomenon is dependent on mitochondrial 
aconitase (m-aconitase), an enzyme that converts 
citrate to isocitrate in the Krebs cycle. In normal 
prostate tissue, m-aconitase activity is inhibited 
resulting in a decrease in total energy production. In 
contrast, when normal prostate tissue becomes 
cancerous, m-aconitase activity is increased and the 
cells produce 36 ATP per glucose, in common with 
normal tissues [18-21]. Therefore, it may be possible to 
identify a specific signature in prostate cancer cells 
involving alterations in prostate energy metabolism.  

 To search for a tumor-specific signature of 
energy metabolism in prostate cancer, we conducted a 
comparative proteomic analysis. We identified a 
difference in the expression of mitochondrial energy 
metabolism proteins between normal and prostate 
cancer cell lines. In addition, we selected and verified 
proteins related to mitochondrial energy metabolism 
that might be useful as a specific signature in prostate 
cancer.  

Materials and Methods 

Cell culture  
The prostate epithelial cell line RWPE-1 and the 

prostate cancer cell lines Du145 and PC3 were 
purchased from the American Type Culture 
Collection (ATCC; Manassas, VA, USA). The prostate 
cancer cell line LNCaP was provided by the Eulji 
hospital. RWPE-1 cells were cultured in keratinocyte 
serum-free medium supplemented with 5 ng/mL 
epidermal growth factor and 50 µg/mL bovine 
pituitary extract (basic medium) (Invitrogen, Grand 
Island, NY, USA). All cancer cell lines were 
maintained in RPMI 1640 medium (Gibco, Grand 
Island, NY, USA) supplemented with 10 % fetal 
bovine serum (FBS) (Gibco), 100 µg/mL penicillin, 
and 100 µg/µL streptomycin (basic medium) (Gibco). 
All cell lines were seeded in 75 cm2 flasks at a density 
of 1 × 106 cells/flask in basic media and grown for 2 
days in a humidified incubator at 37 °C with 5 % CO2. 
To deplete any androgenic effects, culture media were 
replaced with basic media containing 10 % 
charcoal/dextran FBS instead of 10 % FBS. After 72 h, 
cell lines were treated with 10 nM 
5-α-dihydrotestosterone for 3 days.  

Sample preparation and trypsin digestion 
Cells were lysed in buffer containing 8 M urea 

and 0.1 M Tris-HCl, pH 8.5. Protein concentrations 
were measured via the Bradford assay (Pierce, 
Rockford, IL, USA). Protein samples (1 mg) were then 
reduced in buffer containing 5 mM 
Tris(2-carboxyethyl)phosphine (Pierce) and incubated 
at 37 °C for 30 min with shaking (400 rpm). Samples 

were alkylated in buffer using 0.5 M iodoacetamide 
(Sigma-Aldrich, St. Louis, MO, USA) and incubated at 
room temperature for 60 min with shaking (400 rpm) 
in the dark. Samples were then treated with trypsin (1 
mg/20 µl; Promega, Madison, WI, USA) overnight 
with shaking (400 rpm) at 37 °C to digest proteins into 
peptides. Peptide mixtures were then desalted on a 
Sep-Pak C18 cartridge (Waters, Milford, MA, USA), 
and the resulting samples were diluted with 360 µL of 
water for OFFGEL electrophoresis (Agilent 
Technologies, Santa Clara, CA, USA). 

Peptide fractionation by OFFGEL 
electrophoresis 

Desalted peptides were separated into 12 
fractions based on their isoelectric point via OFFGEL 
electrophoresis using a 3100 OFFGEL Low Res kit, pH 
3–10 (Agilent Technologies), according to the 
manufacturer’s instructions. 

Microcapillary liquid chromatography-tandem 
mass spectrometry (LC-MS/MS)  

Samples were analyzed using a 
high-performance liquid chromatography 
chip/quadrupole time-of-flight (Q-TOF) system 
(Agilent Technologies). This system consisted of an 
Agilent 1200 series nano-LC system and an Agilent 
6520 Q-TOF coupled with a chip cube interface to 
analyze peptide fractions. The high-performance 
liquid chromatography chip consisted of a 360 nL 
enrichment column and a 75 µm × 150 mm separation 
column packed with Polaris C18-A (3 µm). Each 
sample was loaded onto the column in buffer A (0.1 % 
FA in water) at a flow rate of 2 µL/min. Buffer B (90 % 
ACN, 0.1 % FA in water) was used to deliver the 
120-min gradient of 3 to 45 % (0-100 min), 45 to 90 % 
(100-100.10 min), 90 to 98 % (100.10-105.00 min), and 
98 %-3 % (105.00-105.10 min) at a flow rate of 0.3 
µL/min. All spectra were acquired in positive 
ionization mode. The drying gas (nitrogen) flow was 
set at 5 L/min and 300 °C. Eluted peptides were 
selected for collision-induced dissociation during 
alternative procedures of an MS scan over the m/z 
range of 300–2,400 at the rate of 4 spectra/s, and an 
MS/MS scan over the range of 100–3,000 m/z at 3 
spectra/s. The isolation window was 4 m/z. The 
workflow is shown in Fig. S1.  

Data analysis 
Spectrum Mill (Version B.04.00, Agilent 

Technologies) is a database search engine used to 
analyze tandem mass spectra. The UniProtKB 
database (human, released in April 2015) was used to 
search each triplicate run. Trypsinization allowed a 
maximum of two missed cleavage sites. 
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Carbamidomethylation of cysteines and 
carbamylation of the N-terminus were selected as 
fixed modifications. Oxidized methionine was 
selected as a variable modification. Precursor and 
product mass tolerances were set to 20 and 50 ppm, 
respectively. False discovery rate of 1.2 % at peptide 
levels was used for results.  

Bioinformatics 
The protein expression profiles of prostate 

cancer cell lines were compared with that of RWPE-1 
cells using MassHunter Mass Profiler Professional 
software (MPP, Version 12.1, Agilent Technologies), 
which is a label-free quantification program. Data files 
including mass, charge, and retention time of 
molecular features were acquired from the MS mode 
for each sample and analyzed in triplicate. All raw 
data were normalized and different samples were 
compared by each sample’s averaged intensity. The 
filtered entities list was analyzed with Student’s 
unpaired t-tests and Bonferroni multiple correlation 
tests using asymptotic p-value computation. 
MassHunter Mass Profiler Professional software was 
used to determine the 1.2- and 0.8-fold changes 
defined as up- and down-regulated differences, 
respectively, between each group by setting a filter. 
The filtered entities list was analyzed.  

GeneGo Metacore software (Version 6.29; 
Genego, MI, USA) was used to analyze pathways 
associated with differentially expressed proteins in 
the prostate cancer cell lines compared to RWPE-1 
cells. Ranked pathway lists were created based on the 
calculated p-values using hypergeometric test. The 
p-values that are calculated in Metacore were 
represented in the lowest order. We selected top 10 
rankings in a lower p-value order. The ranking shows 
probability of networks of transcription factor 
mapped protein lists from our date compared to 
networks of the number of proteins having Genego 
software. To identify transcription factors associated 
with mitochondrial energy metabolism, we used a 
transcription regulation algorithm to analyze the 
networks. A Transcription Regulation algorithm was 
identified and ranked by enriched sub-networks 
formed from canonical pathways.  

RNA extraction and quantitative polymerase 
chain reaction (PCR) 

To identify the role of Yin Yang 1 (YY1) in 
prostate cell lines, cells were treated with 10 nM 
NP-001 (Adooq Bioscience, Irvine, CA, USA), a YY1 
inhibitor, for 24 h. Total RNA was then extracted from 
each treatment and control population using Trizol 

reagent (Invitrogen) according to the manufacturer’s 
instructions. RNA concentrations were measured 
with a NanoDrop Lite spectrophotometer (Thermo 
Fisher Scientific, Waltham, MA, USA). cDNA (1 µg) 
was synthesized from total RNA using a First Strand 
cDNA Synthesis Kit (Thermo Fisher Scientific), as 
described by the manufacturer. Real-time PCR was 
performed using TOPreal™ qPCR 2× PreMIX (SYBR 
Green with low ROX) from Enzynomics (Daejeon, 
South Korea). All PCR reactions were carried out in 
triplicate using the StepOnePlus Real-Time PCR kit 
(Applied Biosystems, Carlsbad, CA, USA). The PCR 
primers and conditions are shown in Table S1. mRNA 
levels were calculated by the 2ΔΔct method using 
StepOne software (Applied Biosystems). Results were 
compared using the Mann Whitney test and are 
presented as mean ± standard deviation (SD); p<0.05 
was considered statistically significant. All statistical 
analyses were conducted using SPSS software (SPSS 
Statistics, Chicago, IL, USA).  

Results 

Proteomic analysis of prostate cell lines  
We performed a proteomic analysis to find a 

prostate cancer-specific protein signature. A total of 
2,599, 2,662, 2,816, and 2,494 proteins were detected in 
the prostate cell line RWPE-1, and in the prostate 
cancer cell lines LNCaP, Du145, and PC3, respectively 
(Fig 1). Common proteins in cancer cell lines 
compared with those in RWPE-1 are shown in Fig. 
S2A. Notably, compared to the RWPE-1 cell line, there 
were 795 proteins that were differentially expressed in 
LNCaP cells (477 up-regulated and 318 
down-regulated; Table S2 and Fig. S2B), 762 in Du145 
cells (527 up-regulated and 235 down-regulated; 
Table S3 and Fig. S2B), and 537 in PC3 cells (95 
up-regulated and 442 down-regulated; Table S4 and 
Fig. S2B).  
Pathway analysis of differentially expressed 
proteins  

We next identified the pathways formed by the 
differentially expressed proteins (those that were 
more than 1.2-fold up-regulated or more than 0.8-fold 
down-regulated) observed in the three prostate cancer 
cell lines, compared with RWPE-1 cells. Notably, 
mitochondrial energy metabolism pathways related 
to the Krebs cycle and electron transport chain were 
highly prevalent among the up-regulated proteins 
(Fig. 2A, Fig. S3), whereas pathways associated with 
cytoskeleton remodeling were highly represented 
among the down-regulated proteins (Fig. 2B).  
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Identification of transcription regulatory 
factors 

To find the main transcription factor(s) 
regulating mitochondrial energy metabolism, we 
analyzed proteins that were over-expressed in 
prostate cancer cell lines using networks of 

transcriptional regulation. The top-ranked 
transcription factors were c-Myc, YY1, ERR3, and 
CREB1 (Table 1). Of these, c-Myc is also highly ranked 
in the glycolysis and gluconeogenesis pathways, 
which are related to main sources of energy that are 
not specific to the metabolism in prostate cancer 

 
Figure 1. Total number of proteins identified in the four prostate cell lines. All analyses were performed in triplicate. (A) Venn diagram representing the overlap in the 
identified proteins. (B) Table displaying the total number of proteins identified in each prostate cell line. 

 
Figure 2. Functional analysis of differentially expressed proteins. Top pathway map based on (A) up- and (B) down-regulated proteins in cancer cell lines (LNCaP, 
Du145, and PC3), compared to the control cell line (RWPE-1), using the Metacore software from Thomson Reuters. 
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(Table S5). Therefore, YY1 was focused on as the 
principal transcription factor that might regulate 
mitochondrial energy metabolism. We determined 
YY1 expression in normal prostate tissue and prostate 
cancer tissue using the human protein atlas database. 
Although there is a difference between the variance 
patient and antibody, YY1 expression increased in 
prostate cancer tissue compared with that in normal 
prostate tissue (Fig. S4). These results are consistent 
with those of Singh et al [21] and Yu et al [22].  

Regulation of mitochondrial energy 
metabolism by YY1  

To confirm that YY1 regulates mitochondrial 
energy metabolism, we first assessed its expression 
using quantitative PCR. YY1 expression was reduced 
by more than 50 % in all three prostate cancer cell 
lines when cells were treated with NP-001, a YY1 
inhibitor (Fig. 3). In addition, the expression of genes 
related to the Krebs cycle (ACO2, IDH2, OGDH, DLD, 
SUCK2, and FH) and electron transport chain 
(NDFUFA9, NDUFS1, SDHA, SDHB, UQCRC2, COX2, 
COX4l1, COX5B, ATP5A1, ATP5B, and ATP5F1) was 
decreased in prostate cancer cell lines treated with 
NP-001, compared to the untreated controls (Figs. 4 
and 5). These results suggest that YY1 is a key and 
specific transcription factor regulating mitochondrial 
energy metabolism in prostate cancer cell lines.  

Discussion 
Various studies have been undertaken to 

identify molecular pathways or networks that can be 
used for cancer diagnoses [23-26]. However, 
molecular pathways or networks involving RAS, 
RAF, MEK, or ERK are over-expressed in both 
prostate and other cancers [27, 28]. Thus, these factors 

cannot be used as specific diagnostic biomarkers of 
prostate cancer. Therefore, in this study, we searched 
for a specific signature that represented prostate 
cancer, distinct from other cancers, by examining 
factors that regulate mitochondrial energy 
metabolism in a prostate-specific environment. 

 
Table 1. Transcriptional regulation analysis of differentially 
expressed proteins associated with mitochondrial energy 
metabolism in cancer cell lines compared with RWPE-1 cells. 

Key network objects p-Value z Score g Score 
c-Myc 1.84e-81 288.63 288.63 
YY1 2.99e-47 218.60 218.60 
ERR3 2.99e-47 218.60 218.60 
CREB1 1.54e-43 209.40 209.40 
SP1 3.63e-36 189.70 189.70 
ERR1 3.63e-36 189.70 189.70 
NRF1 3.09e-25 155.71 155.71 
E2F1 4.81e-18 128.42 128.42 
NRF2 4.81e-18 128.42 128.42 
ZNF143 1.76e-14 112.54 112.54 

 
In normal cells, high energy levels are required 

for various functions. The primary energy sources are 
glycolysis and mitochondrial energy metabolism (i.e., 
the Krebs cycle and electron transport chain), through 
which cells generate 36 ATP per glucose. However, 
most cancer cells obtain energy through less efficient 
glycolysis rather than mitochondrial oxidative energy 
metabolism. This phenomenon is called the “Warburg 
effect” [29, 30]. Notably, the opposite effect is 
observed when normal prostate tissue progresses to 
cancer; in these tissues, mitochondrial energy 
metabolism is increased rather than decreased [19-21]. 
This phenomenon is closely associated with Zn levels 
in prostate tissue, which possesses 10-fold more Zn 
than other soft tissues. Zn inhibits the expression of 
m-aconitase, which converts citrate to isocitrate in the 

Krebs cycle. Conversely, 
cancerous prostate tiss-
ues exhibit Zn levels 
that are similar to those 
of other normal tissues, 
which in turn lead to 
increased m-aconitase 
activity, thereby enh-
ancing the conversion of 
citrate to isocitrate and 
mitochondrial energy 
metabolism. Notably, 
this effect represents a 
prostate cancer-specific 
phenomenon that can be 
exploited [18-21].  

 

 

 
Figure 3. Quantification of Yin Yang 1 (YY1) mRNA expression in prostate cancer cell lines. LNCaP, Du145, and PC3 
cells were treated with 10 nM NP-001 for 24 h. Data are shown as the mean ± standard deviation (SD) (n=3), *p<0.05. 
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Figure 4. mRNA expression levels of genes associated with mitochondrial energy metabolism in prostate cancer cell lines. Treatment of (A) LNCaP, (B) 
Du145, and (C) PC3 cells with NP-001 resulted in reduced expression of many of the genes involved in Krebs cycle. Data are shown as mean ± standard deviation (SD) (n=3), 
*p<0.05. (D) Schematic of target genes participating in the Krebs cycle. 

As mentioned above, the prostate has a unique 
mitochondrial energy metabolism that increases when 
normal tissue progresses to cancer. This phenomenon 
occurs in a prostate-specific environment, and is 
absent in other tissues. Therefore, it is important to 
characterize the energy metabolism in prostate cancer 
as well as the major factors regulating it. Using a 
proteomics approach, we determined that proteins 
related to mitochondrial energy metabolism were 
top-ranked in prostate cancer cell lines compared to 
that in RWPE-1. Among 1.2-fold over-expressed 
proteins related to mitochondrial energy metabolism 
in prostate cancer cell lines (Fig. S3), several proteins 
related to the Krebs cycle, such as m-aconitase (citrate 
 isocitrate) [21, 31], citrate synthase (acetyl-CoA + 
oxaloacetate  citrate) [31], iso-citrate dehydrogenase 
(isocitrate  oxalosuccinate) [31, 32], and malate 
dehydrogenase (oxaloacetate  malate) [31], have 
been reported to be up-regulated in prostate cancer 
tissue compared with that in normal prostate tissue. 
Many researchers have revealed that proteins related 
to electron transport chain responsible for ATP 
production, such as complex I [33], complex IV [34], 
and complex V [34], show mutations and are known 
to play an important role in prostate tumorigenesis. 
These published results are highly consistent with our 

data.  
Proteomics is a powerful tool that can be used to 

assess various transcriptional regulatory mechanisms 
and direct interactions between transcription factors 
and proteins [35-38]. We found that many of the 
proteins that were over-expressed in prostate cancer 
cell lines, compared to a non-cancerous prostate cell 
line, are involved in mitochondrial energy 
metabolism. These findings suggest that prostate 
cancer requires higher levels of energy than normal 
prostate tissue.  

We subsequently analyzed key transcription 
factors related to proteins involved in mitochondrial 
energy metabolism. c-Myc, YY1, ERR3, and CREB1 
were the top-ranked transcription factors identified, 
respectively (Supplementary Table 1). c-Myc plays a 
major role in various cancers, including prostate 
cancer, and its function in cancer cells is closely 
related to the cell cycle [39, 40]. In our data, c-Myc was 
the top-ranked transcription factor involved in 
regulating glycolysis and gluconeogenesis, which are 
the main energy acquisition processes in other 
cancers. Meanwhile, YY1 was ranked second in our 
analysis. YY1 has many functions, including the 
ability to regulate mitochondrial oxidative 
metabolism by forming a transcriptional complex 
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with PGC-1α in the nucleus (Fig. S5) [41]. YY1 was 
also reported as a factor that can potentially bind 
m-aconitase [42] as well as many mitochondrial 
oxidative genes [42-44]. Therefore, interactions 
between YY1 and molecules involved in the Krebs 
cycle and mitochondrial electron transport chain may 
modulate the unique mitochondrial energy 

metabolism signature observed in prostate cancer. 
This possibility is consistent with our results showing 
that inhibition of YY1 expression resulted in 
decreased expression of genes related to 
mitochondrial energy metabolism in prostate cancer 
cell lines.  

 

 
Figure 5. mRNA expression levels of genes associated with electron transport chain in prostate cancer cell lines. Treatment of (A) LNCaP, (B) Du145, and (C) 
PC3 cells with NP-001 resulted in reduced expression of many of the genes involved in electron transport chain. Data are shown as mean ± standard deviation (SD) (n=3), *p < 
0.05. (D) Schematic of the genes involved in electron transport chain. 
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In summary, using a proteomic approach, we 
found that YY1 functions as a major transcription 
factor that is involved in regulating mitochondrial 
energy metabolism in prostate cancer. Moreover, we 
found that YY1 is associated with a prostate 
cancer-specific metabolic signature by showing that 
YY1-regulated genes are involved in mitochondrial 
energy metabolism. Several reports have described 
over-expressed YY1 in prostate tissue, as well as 
increased activity in mitochondrial energy 
metabolism, when normal prostate tissue progresses 
to cancer. Our study is the first to identify a prostate 
cancer-specific signature that could be useful as a 
tumor-specific biomarker for prostate cancer as well 
as other diseases. Moreover, our results suggest novel 
basis for the specific diagnosis of prostate cancer and 
perhaps its treatment. 

Abbreviations 
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aconitase; LC-MS/MS: liquid chromatography- 
tandem mass spectrometry. 
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