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Quantitative Proteomics Reveals That Enzymes
of the Ketogenic Pathway Are Associated with
Prostate Cancer Progression*□
S

Punit Saraon‡§, Daniela Cretu‡§, Natasha Musrap‡§, George S. Karagiannis‡§,
Ihor Batruch‡, Andrei P. Drabovich‡, Theodorus van der Kwast§¶, Atsushi Mizokami储,
Colm Morrissey**, Keith Jarvi‡ ‡‡, and Eleftherios P. Diamandis‡§ §§¶¶
Prostate cancer is the most common malignancy and the
second leading cause of cancer-related deaths in men.
One common treatment is androgen-deprivation therapy,
which reduces symptoms in most patients. However, over
time, patients develop tumors that are androgen-independent and ultimately fatal. The mechanisms that cause this
transition remain largely unknown, and as a result, there
are no effective treatments against androgen-independent prostate cancer. As a model platform, we used the
LNCaP cell line and its androgen-independent derivative,
LNCaP-SF. Utilizing stable isotope labeling with amino
acids in cell culture coupled to mass spectrometry, we
assessed the differential global protein expression of the
two cell lines. Our proteomic analysis resulted in the
quantification of 3355 proteins. Bioinformatic prioritization resulted in 42 up-regulated and 46 down-regulated
proteins in LNCaP-SF cells relative to LNCaP cells. Our
top candidate, HMGCS2, an enzyme involved in ketogenesis, was found to be 9-fold elevated in LNCaP-SF cells,
based on peptide ratios. After analyzing the remaining
enzymes of this pathway (ACAT1, BDH1, HMGCL, and
OXCT1), we observed increased expression of these proteins in the LNCaP-SF cells, which was further verified
using Western blotting. To determine whether these enzymes were up-regulated in clinical samples, we performed quantitative PCR and immunohistochemistry on
human prostate cancer tissues, from which we observed
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significantly increased transcript and protein levels in
high-grade cancer (Gleason grade > 8). In addition, we
observed significant elevation of these enzymes in the
LuCaP 96AI castration-resistant xenograft. Further assessment of ACAT1 on human castration-resistant metastatic prostate cancer tissues revealed substantially
elevated expression of ACAT1 in these specimens.
Taken together, our results indicate that enzymes of the
ketogenic pathway are up-regulated in high-grade
prostate cancer and could serve as potential tissue biomarkers for the diagnosis or prognosis of high-grade
disease. Molecular & Cellular Proteomics 12: 10.1074/
mcp.M112.023887, 1589 –1601, 2013.

Prostate cancer is the most commonly diagnosed cancer,
and the second leading cause of cancer-related deaths
among men in North America (1). In the early stages of cancer
development, prostate cancer cells rely on androgens for their
growth and survival. Androgen deprivation remains one of the
most widely used therapies for metastatic and recurring prostate cancers (2). However, patients often regress to the more
lethal androgen-independent prostate cancer (AIPC)1 or hormone-refractory prostate cancer, which is characterized by
poor prognosis (3, 4). Effective therapeutic management is
unavailable for AIPC. Thus, studying the molecular changes
that occur during the progression to androgen independence
remains of utmost importance in order to gain a better understanding of this process, as well as to generate biomarkers
and targeted therapies.
The androgen receptor (AR) signaling cascade has been
demonstrated to be an important pathway that is activated
during androgen independence. Its activation has been documented to occur through AR gene amplifications, AR gene
1

The abbreviations used are: ACAT1, acetyl-coenzyme A acetyltransferase 1; AIPC, androgen-independent prostate cancer; AR, androgen receptor; BDH1, D-beta-hydroxybutyrate dehydrogenase;
H/L, heavy/light (ratio); HMGCL, 3-hydroxymethyl-3-methylglutarylCoA lyase; HMGCS2, 3-hydroxy-3-methylglutaryl-CoA synthase 2;
HPLC, high-performance liquid chromatography; OXCT1, succinylCoA:3-ketoacid-coenzyme A transferase 1; SILAC, stable isotope
labeling of amino acids in cell culture.
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mutations, changes in co-regulators or steroidogenic enzymes, or alternative proteins via outlaw pathways (3–9). Although the AR pathway appears to be a key player in the
development of androgen independence, it is important to
note that numerous “bypass pathways,” the so-called ARindependent pathways, have also been suggested to be implicated in this process (10).
LNCaP, a hormone-dependent prostate cancer cell line,
has often been used to model the progression of prostate
cancer to androgen independence (11). Many groups have
been able to generate androgen-independent sub lines of
LNCaP by culturing them for extended periods in androgendeprived media, a process that selects for clones that have
gained the ability to grow in the absence of androgens (12–
16). Many of these androgen-independent LNCaP sublines,
such as LNCaP-SF, have features similar to those seen in
clinical cases of hormone-refractory prostate cancer, including increased AR expression, and they represent excellent
model systems for the investigation of AIPC progression
(12–18).
Proteomics using mass spectrometry is a maturing analytical technique that has provided the opportunity to characterize the proteome of virtually any biological specimen. Such
studies have been conducted to identify novel prostate cancer biomarkers, as well as key molecules implicated in cancer
progression, using various cell lines and biological samples,
specifically, tissues and fluids; however, markers with sufficient clinical relevance have yet to be introduced into practice
(19 –25). Prostate-specific antigen, the currently utilized biomarker for prostate cancer diagnosis, lacks specificity, as it
becomes elevated in a variety of prostatic diseases, including
benign prostate hyperplasia and prostatitis (26). The tissue
specificity of prostate-specific antigen has also been questioned, as it has been found in the sera of women with breast
cancer and in nipple aspirate fluid (27).
In this study, we utilized a high-throughput quantitative
proteomics approach to delineate important modulators implicated in the development of AIPC, using the LNCaP/
LNCaP-SF model system. Stable isotope labeling of amino
acids in cell culture (SILAC) coupled to mass spectrometry
was employed to comparatively quantify over 3300 proteins in
LNCaP and LNCaP-SF cells. Several proteins of the ketogenesis pathway (HMGCS2, ACAT1, BDH1, HMGCL, and
OXCT1) were up-regulated in LNCaP-SF cells. These ketogenic proteins were over-expressed in high-grade human
prostate cancer samples, with ACAT1 displaying the greatest
change in expression. In addition, ACAT1 expression was also
elevated in castration-resistant metastatic lesions from prostate cancer patients. These results demonstrate that enzymes
involved in the ketogenesis pathway could serve as potential
biomarkers for high-grade prostate cancers, as well as provide new targets for therapeutic intervention.
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MATERIALS AND METHODS

Cells and Reagents—The human prostate cancer LNCaP cell line
and the androgen-independent subline LNCaP-SF cells were kindly
provided by Dr. Atsushi Mizokami and maintained in DMEM (Wisent,
St. Bruno, Quebec, Canada) supplemented with either 10% (v/v) FBS
(HyClone) for LNCaP cells or 10% charcoal stripped FBS (HyClone)
for LNCaP-SF cells at 37 °C with 5% CO2 in a humidified incubator.
SILAC—LNCaP and LNCaP-SF cells were seeded at low confluency (⬃25%) in T75 flasks. SILAC media was prepared from customized DMEM lacking two essential amino acids: L-arginine and L-lysine
(Athena ES, Baltimore, MD). Heavy amino acids, L-Arg6 (13C) and
13
15
L-Lys8 ( C and
N), were supplemented to the medium to generate
the “heavy ” medium (Cambridge Isotope Laboratories, Andover,
MA). For control or “light ” medium, L-arginine and L-lysine were
supplemented into the medium (Sigma). Additionally, both heavy and
light media were further supplemented with dialyzed FBS (Invitrogen).
LNCaP cells were metabolically labeled with light medium, and
LNCaP-SF cells were metabolically labeled with heavy SILAC conditioned medium in T25 flasks. Three independent biological replicates
were used for both LNCaP and LNCaP-SF cells. A minimum of five
doubling times was ensured, and the growth medium was changed
every two to three days. Cells were grown for an additional 48 h and
were then detached non-enzymatically, washed twice in PBS, and
centrifuged at 1500 ⫻ g for 5 min. Cell pellets were kept at ⫺80 °C
until further processing.
Sample Preparation—Cell pellets were lysed using 250 l of 0.1%
RapiGest (Waters Inc., Milford, MA) in 25 mM ammonium bicarbonate
and were subsequently sonicated three times for 30 s. The resulting
cell lysates were then centrifuged for 15 min at 15,000 ⫻ g and 4 °C.
Protein lysates from both LNCaP and LNCaP-SF cells were quantified
using the BCA assay (Thermo Scientific) and mixed in a 1:1 ratio to
obtain a total of 250 g total protein in each replicate (125 g protein
from heavy-labeled and 125 g from light-labeled condition). Proteins
were then heat-denatured at 85 °C for 15 min, reduced with 10 mM
DTT (Sigma-Aldrich, Madison, WI) for 10 min at 70 °C, alkylated with
20 mM iodoacetamide (Sigma-Aldrich) for 60 min with shaking in the
dark, and trypsin-digested (Promega) at a ratio of 1:50 (trypsin:protein
concentration) overnight at 37 °C. The resulting tryptic peptides were
reconstituted in 200 l of 0.26 M formic acid in 5% acetonitrile (mobile
phase A) buffer.
Strong Cation Exchange on a High-performance Liquid Chromatography System—To reduce sample complexity, the samples were
subjected to strong cation exchange using the Agilent 1100 highperformance liquid chromatography (HPLC) system. Tryptic peptides
were initially diluted to 500 l with strong cation exchange mobile
phase A (0.26 M formic acid in 5% acetonitrile; pH 2–3) and loaded
directly onto a 500 l loop connected to a PolySULFOETHYL A™
column with a 2-m pore size and a diameter of 5 m (The Nest
Group, Inc., Southborough, MA). Peptides were eluted using an elution buffer that contained all components of mobile phase A with the
addition of 1 M ammonium formate, which was introduced at 10 min
and further increased to 20% at 30 min and 100% at 45 min. A total
of 14 fractions were collected for mass spectrometric analysis. The
HPLC fractions were C18-extracted using ZipTipC18 micropipette tips
(Millipore, Billerica, MA) and eluted in 5 l of Buffer B (90% acetonitrile, 0.1% formic acid, 10% water, and 0.02% trifluoroacetic acid). An
additional 80 l of Buffer A (95% water, 0.1% formic acid, 5%
acetonitrile, and 0.02% trifluoroacetic acid) was added to the
samples.
Mass Spectrometry—40 l of each fraction were injected into an
autosampler on the EASY-nLC system (Proxeon Biosystems,
Odense, Denmark). Firstly, the peptides were collected onto a 3-cm
C18 column (inner diameter of 200 m) and were then eluted onto a
resolving 5-cm analytic C18 column (inner diameter of 75 m) with an
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8-m tip (New Objective, Woburn, MA). This HPLC system was
coupled online to an LTQ-Orbitrap XL (Thermo Fisher Scientific) mass
spectrometer using a nano-electrospray ionization source (Proxeon
Biosystems, West Palm Beach, FL) in data-dependent mode. The
fractions were run on a 60-min gradient consisting of 3 min at 1%–
14% Buffer B (100% acetonitrile, 0.1% formic acid), 44 min at 14%–
40% Buffer B, 5 min at 40%– 65% Buffer B, 3 min at 65%–100%
Buffer B, and 5 min at 100% Buffer B. The eluted peptides were
subjected to one full MS1 scan (450 –1450 m/z) in the Orbitrap at
60,000 resolution, followed by six data-dependent MS2 scans in the
linear ion trap. The following parameters were enabled: monoisotopic
precursor selection, charge state screening, and dynamic exclusion.
In addition, charge states of ⫹1 and ⬎4 and unassigned charge
states were not subjected to MS2 fragmentation.
Protein Identification and Quantitation Using MaxQuant Software—
The resulting mass spectra were analyzed using MaxQuant Software
(version 1.1.1.25), which generates the extracted ion current-based
quantitation for SILAC pairs. Raw MS files were loaded directly into
MaxQuant, and identification and quantitation of individual peptides
were conducted in protein groups. The MaxQuant searches were
executed against the International Protein Index human protein database (version 3.62, 167,894 forward and reverse protein sequences)
and decoy database. All entries were filtered using a false positive
rate of 1%, and all false positives were removed. The following search
parameters were used: one missed and/or nonspecific cleavage permitted, carbamidomethylation (57 m/z) on cysteine fixed modification,
and oxidation (methionine) and acetal (N-terminus proteins) variable
modifications. The mass tolerance for precursor ions was initially 20
ppm and then was adjusted to 6 ppm, followed by recalibration in
MaxQuant. The mass tolerance for fragment ions was 0.5 Da. The
quantification of proteins was based on the normalized heavy/light
(H/L) ratios, as determined by MaxQuant. The MaxQuant results can
be found in supplementary File S1. Complete protein and peptide
lists, as well as the underlying RAW files, are available on the Peptide
Atlas Database. Annotated spectra for single peptide identifications
are provided in supplementary File S2.
Data Analysis—Protein groups from MaxQuant were exported to
Excel files that displayed the results of three independent SILAC runs
with their corresponding H/L ratios. The normalized average H/L ratio
for each protein was the final quantitative value used to filter and
select for candidates. To visualize and assess networks of overexpressed and under-expressed candidates, Ingenuity Pathway Analysis (Ingenuity Systems, Redwood City, CA) software was used.
Using this software, pathway analysis was performed, obtaining information on canonical pathways and molecular networks that had
been altered, as determined by Fisher’s exact test.
Reverse-transcription and Quantitative PCR—Total RNA was isolated from LNCaP and LNCaP-SF cells using an RNeasy Kit (Qiagen
Hilden, Germany). cDNA was generated from 1 g of total RNA using
the Superscript II cDNA synthesis kit (Invitrogen). Quantitative PCR
was conducted using 1X SYBR reagent (Applied Biosystems, Foster
City, CA), and transcript levels of HMGCS2, ACAT1, BDH1, HMGCL,
OXCT1, DHRS2, AGR2, HSD11B2, ALDH6, MAOA, MAOB, TYMP,
ARG2, and SQSTM1 were measured on a 7500 ABI system. All
quantitative PCR data were normalized to tata-binding protein expression. Sequences of all primers used are shown in supplemental
Table S1.
For clinical validation, the TissueScan Prostate Cancer cDNA Array
II was used (Origene, Rockville, MD). Clinical information for these
patients can be found in supplemental Table S2. Quantitative PCR
was conducted on these samples using the same SYBR green reagent as mentioned above.
Protein Extraction—LNCaP and LNCaP-SF cell pellets were
washed with PBS (pH 7.4) three times, and cells were lysed using 1%
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SDS solution. The samples were then sonicated three times on ice in
30-s intervals using a MISONIX immersion tip sonicator (Q SONICA
LLC, CT), and centrifuged at 15000 ⫻ g for 15 °C minutes at 4 °C.
Protein concentrations were quantified using a BCA protein assay kit
(Thermo Scientific, Newtown, CT).
LuCaP96 and LuCaP96AI xenograft tissues, as described elsewhere (28), were frozen in liquid nitrogen and then ground into a fine
powder using a mortar and pestle. The resulting powdered tissue was
lysed using 1% SDS solution, and this was followed by sonication on
ice for three 30-s intervals. The samples were then centrifuged at
14000 ⫻ g for 15 min at 4 °C, and the resulting supernatant was used
for further analysis.
Western Blotting—The protein expression of ACAT1, HMGCS2,
BDH1, OXCT1, and HMGCL was assessed using Western blot analysis. Roughly 30 g of total protein from each sample was loaded
onto an SDS-PAGE gel (4%–15%, Bio-Rad) and transferred onto
PVDF membranes (Bio-Rad). Membranes were then incubated with
5% blocking solution (2.5 g skim milk powder in Tris buffer solution
containing 0.1% Tween) overnight at 4 °C. Membranes were incubated with rabbit polyclonal antibody against ACAT1, BDH1, OXCT1,
HMGCL, (Sigma) or HMGCS2 (Protein Tech, Chicago, IL) for 1 h at
room temperature. The membranes were then washed six times
(three 15-min washes followed by three 5-min washes) with Tris buffer
solution containing 0.1% Tween. Membranes were then incubated
with goat anti-rabbit secondary antibody conjugated to horseradish
peroxidase (Jackson Laboratories, Bar Harbor, Maine) for 1 h at room
temperature. After being washed with Tris buffer solution containing
0.1% Tween, proteins were detected using the ECL detection reagent
(Siemens, Berlin, Germany). The expression of GAPDH (Cell Signaling
Technology, M: Danvers, MA) or B-actin (Abcam, Cambridge, UK)
was used as an internal standard.
␤-hydroxybutyrate Detection Assay—LNCaP and LNCaP-SF cells
were grown in T25 flasks in serum-free media for 48 h, and the
resulting cell supernatants were collected and assayed for ␤-hydroxybutyrate levels using a ␤-hydroxybutyrate (Ketone Body) Colorimetric
Assay Kit (Cayman Chemical, Ann Arbor, MI), according to the manufacturers protocol. Total ␤-hydroxybutyrate values were normalized
to the total protein levels in the supernatants.
Immunohistochemistry—Prostate cancer tissue microarrays consisting of 8 normal and 40 cancer cores were purchased from US
BioMax (Rockville, MD). The metastatic prostate cancer tissue microarray was developed and provided by the GU Cancer Research
laboratories at the University of Washington (Seattle, WA). Human
tissue microarrays of fixed paraffin-embedded metastatic tissues
from 23 rapid autopsy patients who died of prostate cancer (consisting of three tissue microarray blocks with two replicate cores
per metastatic site) were used for immunohistochemical analyses.
All patients had castration-resistant prostate cancer at the time of
autopsy, defined by the presence of a rising level of serum prostate-specific antigen following medical or surgical castration. Clinical information for these patients can be found in supplemental
Table S3.
Tissue microarrays were deparaffinized in xylene and rehydrated
using ethanol. Endogenous peroxidase was reduced using hydrogen
peroxide for 10 min and washed with PBS. Antigen retrieval was then
performed using citrate buffer in a microwave for 10 min. Slides were
then blocked for 5 min in casein and incubated overnight with the
following primary antibodies: ACAT1 (1:1000), BDH1 (1:2000),
HMGCL (1:1200), HMGCS2 (1:600), and OXCT1 (1:1000). Rabbit IgG
was used on a duplicate slide to serve as a negative control. Following 10 min of PBS washing, slides were placed in secondary antibody
for 30 min using the BGX kit (Biogenex, Fremont, CA). After a 10-min
wash in PBS, slides were developed with the addition of 3,3⬘-di-
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aminobenzidine (DAB) for 5 min. Slides were then counterstained with
hematoxylin, dehydrated, and coverslipped.
Statistical Analysis—All gene expression studies on cell lines and
xenografts consisting of normalized expressions were compared using a two-tailed t test (GraphPad Prism Software). Gene expression
studies on human prostate cancer and normal tissue were compared
using a non-parametric Mann–Whitney test (GraphPad Prism Software). Finally, 2 tests were used to compare different groups from
the immunohistochemistry data. Differences were considered significant if the p value was less than 0.05. All data are expressed as
means ⫾ S.E. of the mean.
RESULTS

Quantitative Proteomic Profiling of LNCaP versus LNCaP-SF
Cells—To identify potential modulators of AIPC, we performed
global proteomic profiling of the LNCaP cell line and its androgen-independent counterpart, LNCaP-SF, using SILAC.
This approach provided a robust and comprehensive method
of detecting differential proteomic expression between both
cell lines, as each was grown in distinct amino acid isotopic
media (Fig. 1A). Using MaxQuant software, we were able to
identify and quantify 3416 proteins with one peptide hit.
Based on the H/L ratio for each protein, a numerical value
representing the differential protein expression between
LNCaP-SF cells (grown in heavy media) and LNCaP cells
(grown in light media) was assigned. The majority of proteins
(85%) fell within 1 standard deviation of the total average ratio
(H/L ratio between 0.67 and 1.5) among the three replicates,
indicating that there were no significant differences with respect to protein levels between the two cell lines (Fig. 1B).
Among the three biological replicates, we observed a reproducibility of 80% to 90% with respect to the H/L ratio between
independent experiments (supplemental Fig. S1). In addition,
H/L ratios of various housekeeping proteins, including ␤-actin
(H/L ⫽ 1.37), GAPDH (H/L ⫽ 0.85), HSP90 (H/L ⫽ 0.92), and
␣-tubulin (H/L ⫽ 1.06), all remained within 1 standard deviation of their average ratio (supplemental Table S4).
In order to identify candidates that were either up- or downregulated in LNCaP-SF cells relative to LNCaP cells, we used
H/L values that were 2 standard deviations from the mean H/L
ratio of all proteins identified, which corresponded to H/L
ratios ⬎ 2.5 as over-expressed hits and H/L ratios ⬍ 0.4 as
under-expressed. Each of the candidates had to meet these
cut-offs in all three independent biological replicates in order
to be further considered. After implementing these stringent
criteria, 42 (Fig. 1C, supplemental Table S5) and 46 proteins
(supplemental Table S6) were found to be up- and downregulated, respectively, in LNCaP-SF cells relative to LNCaP
cells.
Analysis of Candidate Proteins—After assessing the candidate lists, we identified proteins that were previously studied
in the context of prostate cancer progression, including
AGR2, ALDH1A3, S100P MAOA, AADACL1, and SOD2
among the over-expressed and IGFBP2, STMN1, DNMT1,
ATAD2, KPNA2, and ADI1 among the under-expressed proteins (29 – 40). We next subjected our candidate list to pre-
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clustering pathway analysis using Ingenuity Pathway Analysis.
This analysis revealed that the top molecular networks of the
over-expressed candidates were cancer and cellular development (Fig. 1D). Specifically, “lipid metabolism” and “small
molecular biochemistry” were the top molecular function clusters. The over-expressed candidates had central nodes in the
NF-kB, p53, ESR1, TGF␤, TNF, and SP1 signaling cascades,
all of which have been previously documented as being associated with prostate cancer progression (41– 45). With regard to our under-expressed candidates, the top molecular
networks were (i) DNA replication, recombination, and repair;
cell cycle; cellular assembly; and organization, and (ii) cell
death, cellular growth, and proliferation. Our top under-expressed candidate was SEMG1, with a 13-fold down-regulation in LNCaP-SF cells (H/L of 0.08), and its functionally
related protein, SEMG2, was also under-expressed.
The top over-expressed candidate, HMGCS2, which had a
9-fold increase in LNCaP-SF cells, is an enzyme involved in
ketogenesis, a metabolic pathway that provides lipid-derived
energy during times of carbohydrate deprivation (46). We
identified another protein in this pathway, OXCT1, with a more
than 2-fold increase in LNCaP-SF cells, which led us to investigate the remainder of the proteins involved in this pathway. We were able to identify all five proteins within the
ketogenic pathway (HMGCS2, HMGCL, BDH1, ACAT1, and
OXCT1), and four of them—HMGCS2, OXCT1, BDH1, and
ACAT1— exhibited increased protein expression in LNCaPSF cells based on our initial SILAC experiments. The normalized H/L ratios for each protein were 9.24 for HMGCS2, 2.15
for OXCT1, 1.88 for ACAT1, 1.75 for BDH1, and 1.37 for
HMGCL (Fig. 3A). These preliminary results suggest that the
ketogenesis pathway may be up-regulated during the progression of prostate cancer to androgen-independence.
In Vitro Validation of Candidates—The gene expressions of
our top candidates were further validated in vitro using realtime PCR. Validation of the proposed over-expressed genes
revealed that 7 out of the top 10 over-expressed candidates
(HMGCS2, DHRS2, AGR2, HSD11B2, ALDH6, MAOA, and
MAOB) had increased gene expression in LNCaP-SF cells
(Fig. 2), whereas three candidates (TYMP, ARG2, and
SQSTM1) did not show any significant changes in gene expression. Considering that we used RNA to verify our protein
discovery results, it is important to note that several posttranscriptional factors might play a role in the differences
observed between RNA and protein expression.
Additionally, we also performed quantitative PCR validation of the genes associated with the ketogenesis pathway.
Four genes (HMGCS2, OXCT1, ACAT1, and BDH1) had
increased expression in LNCaP-SF cells, whereas HMGCL
displayed relatively similar expression levels in the two cell
lines (Fig. 3B). Protein validation of the ketogenic pathway
enzymes using Western blotting supported our preliminary
data, demonstrating an up-regulation of our identified enzymes in LNCaP-SF cells, with HMGCS2, OXCT1, and
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FIG. 1. SILAC-based quantitative proteomic profiling of prostate cancer progression to androgen independence. A, flow chart
depicting the steps involved in quantitative proteomic profiling of LNCaP and LNCaP-SF cells. LNCaP cells were grown in medium containing
12
C-Arg/Lys, whereas LNCaP-SF were grown in 13C-15N-Arg/Lys medium, and both cell lines were allowed to grow for a minimum of five
doubling times. Cells were lysed and total protein from LNCaP and LNCaP-SF cell lysates was mixed in a 1:1 ratio. Following trypsin digestion
and fractionation with strong cation exchange chromatography, peptides were identified using MS/MS, and the resulting data were analyzed
with MaxQuant Software. B, following protein identification using MaxQuant, over 3400 proteins were quantified, with the majority having a 1:1
ratio, indicating no change in protein expression between the two cell lines. C, 42 proteins were found to be up-regulated in LNCaP-SF cells
using stringent criteria (greater than 2.5-fold H/L ratio in three experimental replicates). D, Ingenuity Pathway Analysis revealed alterations in
central nodes such as p53, ESR1, SP1, TGF␤, and TNF signaling pathways.

ACAT1 having the greatest changes in protein expression
(Fig. 3C). Finally, because this pathway is responsible for
the generation of ketone bodies, we assessed the secretion
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levels of ␤-hydroxybutyrate, the most common ketone
body, in these cell lines. We found a statistically significant
2-fold increase in ␤-hydroxybutyrate levels in the condi-
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FIG. 2. Validation of the top over-expressed candidates using
real-time PCR in LNCaP and LNCaP-SF cells. Seven of the 10
candidates (HMGCS2, DHRS2, AGR2, HSD11B2, ALDH6, MAOA,
and MAOB) showed up-regulation in transcript levels in LNCaP-SF
cells, and three (TYMP, ARG2, and SQSTM1) displayed no significant
changes in mRNA expression. *p ⬍ 0.05, two-tailed t test.

tioned medium of LNCaP-SF cells relative to LNCaP cells
(Fig. 3D). These preliminary in vitro results imply that the
ketogenic pathway enzymes identified in our preliminary
analysis, as well as the associated ketone bodies, exhibit
elevated expression in LNCaP-SF cells.
Ketogenic Pathway Gene Transcript and Protein Levels Are
Increased during High-grade Prostate Cancer—To determine
whether the ketogenesis pathway genes play a role during
prostate cancer progression, we measured their transcript
levels in normal and human tumor tissue samples. Using
real-time PCR, we found that HMGCS2 (p ⫽ 0.048), OXCT1
(p ⫽ 0.04), BDH1 (p ⫽ 0.0008), and ACAT1 (p ⫽ 0.009) have
significantly increased gene expression in prostate cancer
relative to normal tissue (Fig. 4). In particular, ACAT1 and
BDH1 displayed the most prominent changes in gene expression, with 3-fold and 4-fold increases, respectively. HMGCL
expression was slightly elevated in prostate cancer; however,
this was not statistically significant (p ⫽ 0.075). Interestingly,
of the 36 prostate cancer patients analyzed, 20 had at least a
2-fold increase in expression of at least two ketogenic enzymes relative to the 8 normal patients analyzed (supplemental Fig. S2). Among these 20 patients, 4 had increases in two
ketogenic genes, 12 had increases in three genes, 3 had
increases in four genes, and 1 patient had increases in all five
ketogenic genes.
In addition, using immunohistochemistry, we assessed the
protein expression levels of the ketogenesis enzymes in various normal and prostate cancer samples. We devised a
scoring system to assess protein expression, whereby each
core was scored with a 0, 1, 2, or 3, which correspond to no
staining, low staining, moderate staining, and high staining,
respectively. All ketogenic enzymes had preferentially higher
staining patterns in high-grade prostate cancers (Gleason
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grade ⱖ 8). The expression profiles of each enzyme followed
an increasing pattern, going from normal prostate samples to
low-grade prostate cancer (Gleason ⱕ 7), to high-grade prostate cancer (Fig. 5 and supplemental Table S7). In ACAT1,
normal cores had very little positive staining (13% stained
with a score of 2 or greater), moderate levels of staining were
observed in low-grade prostate cancer cores (46%), and almost all high-grade prostate cancer cores had intense staining (86%). For BDH1, there was moderate or high staining in
63% of normal cores, 77% of low-grade prostate cancer
samples, and 87% of high-grade prostate cancer samples.
HMGCL also had similar staining patterns, with moderate or
high staining in 50% of normal cores, 70% of low-grade
cancer cores, and 93% of high-grade prostate cancer cores.
Both BDH1 and HMGCL proteins did not exhibit sharp
changes in expression, as in the case of ACAT1. OXCT1 also
displayed increased staining intensity in high-grade prostate
cancers (66%) relative to normal (25%) and low-grade samples (27%). Finally, the top candidate from our initial proteomic experiments, HMGCS2, had similar staining intensities
in both normal and low-grade cancers (50% in both), but it
also displayed increased staining in high-grade prostate cancer samples (65%). These results indicate that enzymes involved in the ketogenic pathway appear to be over-expressed
during the development of high-grade prostate cancers and
therefore might play a role in the progression of prostate
cancer to an advanced-stage disease.
The Ketogenic Pathway Is Activated in the LuCaP96AI AIPC
Xenograft Model—To evaluate whether ketogenic enzymes
play a role during the progression to AIPC, xenografts of
LuCaP 96 and its androgen-independent counterpart, LuCaP
96AI, were utilized. The transcript and protein levels of the five
ketogenic enzymes were assessed using quantitative PCR
and Western blotting, respectively. It was found that
HMGCS2 (p ⫽ 0.014), BDH1 (p ⫽ 0.003), ACAT1 (p ⫽ 0.024),
and HMGCL (p ⬍ 0.001) all displayed statistically significant
increases in expression in the LuCaP 96AI xenograft-derived
cells (Fig. 6A). ACAT1 and BDH1 had the most prominent
gene expression differences, exhibiting almost 3-fold increases in their transcript levels in the androgen-independent
xenograft. Both HMGCS2 and HMGCL displayed roughly
2-fold increases in expression within LuCaP 96AI cells. Surprisingly, our results indicate that OXCT1 exhibited decreased
expression in the LuCaP 96AI xenograft. Protein expression
profiles corresponded well with our gene expression data, as
ACAT1, BDH1, HMGCL, and HMGCS2 all displayed increased protein expression in LuCaP 96AI cells (Fig. 6B).
Taken together, these results further support the involvement
of altered ketogenic enzyme profiles in the development of
AIPC.
ACAT1 Is Highly Expressed in Castration-resistant Metastatic Prostate Cancers—Based on all these observations,
ACAT1 was identified as the most promising candidate, because its expression was found to be almost absent in normal
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FIG. 3. Analysis of gene and protein expression levels of enzymes involved in the ketogenic pathway (ACAT1, BDH1, OXCT1, HMGCL,
and HMGCS2) in LNCaP and LNCaP-SF cells. A, enzymes of ketogenic pathway quantified in our analysis. B, C, gene and protein expression
validation using real-time PCR and Western blotting confirmed the significant over-expression of HMGCS2, OXCT1, ACAT1, and BDH1 at the
mRNA level (*p ⬍ 0.05, two-tailed t test) with all enzymes displaying elevated expression at the protein level. D, ␤-hydroxybutyrate secretion
was found to be significantly elevated in the conditioned medium of LNCaP-SF cells (*p ⬍ 0.05, two-tailed t test).

FIG. 4. Gene expression profiling of
ketogenic pathway enzymes in normal and prostate cancer human tissue. Based on a TissueScan Prostate
Cancer cDNA Array II consisting of 8
normal and 36 prostate cancer specimens, the gene expression profiles of
HMGCS2, OXCT1, BDH1, and ACAT1 all
showed significantly elevated mRNA expression in cancer relative to normal
specimens (*p ⬍ 0.05; **p ⬍ 0.01, Mann–
Whitney test).

samples and gradually increased in advanced-grade prostate
cancers. Increased ACAT1 transcript and protein expression
were also demonstrated in both prostate cancer samples and
an androgen-independent xenograft model. Therefore, we
aimed to examine ACAT1 expression in various castrationresistant metastatic prostate cancer samples, to identify
whether it is dysregulated during hormone-refractory prostate
cancer. Using our reported scoring system in a tissue mi-
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croarray containing metastatic lesions to the bone, lymph
nodes, lung, and liver, we demonstrated increased ACAT1
staining in all metastatic sites, with bone metastases presenting with highest expression (Fig. 7). Specifically, we observed
36.8% of lung and liver metastases containing no or low
staining, 31.6% staining moderately, and 31.6% of cores
having high staining. With respect to the lymph node metastasis cores, we found 32.1% with low staining, 46.4% with
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FIG. 5. Protein expression of ketogenic pathway enzymes in human prostate cancer specimens of varying grades. A, representative
immunohistochemistry images of HMGCS2, HMGCL, BDH1, OXCT1, and ACAT1 expression in normal, low-grade (Gleason ⱕ 7), and
high-grade (Gleason ⱖ 8) prostate cancer specimens under light microscopy (20⫻). B, immunohistochemical staining was quantified using a
scoring scale of 0, 1, 2, and 3 corresponding to no staining, low staining, moderate staining, and high staining, respectively, as blindly
determined by a pathologist.

moderate staining, and 21.4% with high staining. Bone metastatic lesions had the most prominent ACAT1 expression
patterns, as 13.5% of cores had low staining, 47.3% had
moderate staining, and 39.2% had high staining. In contrast,
in normal prostate cores, ACAT1 staining was very low—the
majority of the samples (87.5%) had little or no staining, and
a small proportion (12.5%) had moderate ACAT1 expression.
Following statistical analysis, ACAT1 expression was found to
be significantly up-regulated in lung and liver (p ⫽ 0.0329),
lymph node (p ⫽ 0.0121), and bone (p ⫽ 0.0001) prostate
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cancer metastatic lesions relative to normal prostate samples
(Table I). Based on these results, ACAT1 expression is upregulated in castration-resistant prostate cancer metastases,
with bone metastatic lesions having the most prominent expression patterns.
DISCUSSION

Prostate cancer is a curable disease upon early detection,
as the tumor is most often localized to the prostate. However,
once the cancer has spread outside of the prostate gland,
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FIG. 6. Expression of ketogenic pathway enzymes in in vivo
LuCaP 96 xenograft and its androgen-independent xenograft
LuCaP 96AI. A, gene expression profiling reveals statistically significant up-regulation of HMGCS2, ACAT1, HMGCL, and BDH1 (*p ⬍
0.05, two-tailed t test) at the transcript level. B, protein expression
profiles from Western blot analysis corresponded well with gene
expression data; ACAT1, BDH1, HMGCL, and HMGCS2 all displayed
increased protein expression in LuCaP 96AI cells.

effective treatments are limited, with radiation therapy, chemotherapy, and the gold standard of hormonal therapy usually
failing in the long run. Although hormonal therapy is initially
very effective in reducing tumor growth and volume, cancer
cells eventually gain resistance and grow in the absence of
circulating androgens. This is the stage at which the disease
becomes fatal, as no other targeted therapies are available.
Therefore, studies focusing on understanding the development and progression of AIPC are crucial in order to develop
targeted therapeutic strategies.
LNCaP is a widely used cell line for the investigation of
androgen-dependent prostate cancer and has been utilized
by numerous groups to develop an androgen-independent
clone (12–18). However, several limitations exist in using this
model. For instance, LNCaP cells carry a mutation in the
ligand-binding domain of the AR, making it more “promiscuous, ” whereby the AR can be activated by molecules other
than dihydrotestosterone, including various anti-androgens.
However, during prostate cancer progression, mutations
within the AR gene—specifically, the ligand binding domain—
become more common, so this mutation reflects one mode of
gaining a survival advantage for cancer cells. Also, phenotypic
characteristics of the various LNCaP androgen-independent
sublines generated by others accurately represent common
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features usually presented in clinical cases of AIPC, including
increased AR expression. Therefore, this model remains quite
valuable for studying the progression of prostate cancer.
In this study, by performing powerful, high-throughput,
global proteomic profiling of an in vitro LNCaP cell line model
of AIPC progression, we identified over 3400 proteins and
specified over 80 proteins as differentially regulated between
LNCaP and LNCaP-SF. To our knowledge, this is the most
comprehensive quantitative proteomics study to date aiming
at understanding the mechanisms of prostate cancer progression. To internally validate our approach, we observed among
our candidates (42 over-expressed and 46 under-expressed)
a plethora of proteins previously studied or implicated in
prostate cancer progression. Six of the up-regulated genes
(AGR2, ALDH1A3, S100P MAOA, AADACL1, and SOD2) have
been previously deemed to be involved in promoting prostate
cancer progression (29 –34). For example, AGR2, which exhibited almost a 3-fold increase in LNCaP-SF cells, has been
previously shown to be involved in prostate cancer metastasis. Likewise, six of the under-expressed candidates (IGFBP2,
STMN1, DNMT1, ATAD2, KPNA2, and ADI1) have also been
previously implicated in prostate cancer progression (35– 40).
Interestingly, two of our top under-expressed candidates,
SEMG1 and SEMG2, have been previously shown to be decreased in expression in two androgen-independent cell lines
(PC3 and DU145), which corresponds well with our results
(61).
Our top over-expressed candidate, HMGCS2, which was
9-fold elevated, is an enzyme involved in the ketogenic pathway. This significant dysregulation prompted us to investigate
additional candidates of the ketogenesis pathway. Performing
clinical validation on a variety of samples, we observed that
these enzymes were over-expressed during prostate cancer,
specifically in high-grade prostate cancer. The most interesting of these enzymes, ACAT1, was also found to be highly
expressed in castration-resistant metastatic prostate cancer
specimens.
In order for cancer cells to proliferate and survive, they must
meet their high energy demand for carrying out integral cellular processes. Cell growth, proliferation, and migration require large amounts of energy in the form of ATP, and by using
alternative energy-producing pathways, cancerous cells gain
a survival advantage. The ketogenic pathway is such an alternative energy-producing pathway, primarily responsible for
the production of ketone bodies from fatty acids via the
breakdown of acetyl-CoA, a key molecule formed during fatty
acid metabolism (47). Acetyl-CoA, under normal high-glucose
conditions, is oxidized, resulting in the formation of the highenergy molecules NADH and FADH2 in the citric acid cycle.
However, when levels of acetyl-CoA are higher than required
for the citric acid cycle, it is used for the biosynthesis of
ketone bodies through the aid of five cellular enzymes. From
our initial proteomics data, we identified all five of these
enzymes as up-regulated in LNCaP-SF cells, and we also
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FIG. 7. Expression of ACAT1 in castration-resistant metastatic prostate cancer specimens of the bone, lymph node, liver, and lungs.
A, representative immunohistochemistry images of ACAT1 staining in normal tissue, liver metastasis, lung metastasis, lymph node metastasis,
and bone metastasis of the prostate are shown. Images were taken under light microscopy (20⫻). B, immunohistochemical staining was
quantified using a scoring scale of 0, 1, 2, and 3 corresponding to no staining, low staining, moderate staining, and high staining, respectively,
as blindly determined by a pathologist.
TABLE I
ACAT1 expression in castration-resistant metastatic prostate cancer specimens

a
b

Tissue type

Number of positive samplesa

Staining percentage (%)

p value compared to normalb

Normal prostate
Lung and liver metastasis
Lymph node metastasis
Bone metastasis

1/8
12/19
19/28
64/74

12.5
63.2
67.9
86.5

NA
0.0329
0.0121
0.0001

Positive staining is defined as a score of 2 or higher, based on the pathologist’s score assessment.
p value was calculated using a 2 test.

found an increase in ␤-hydroxybutyrate, the most common
ketone body, in the secretome of these cells. These observations suggest that the ketogenesis pathway might be an alternate energy-producing mechanism through which prostate
cancer cells gain a survival advantage allowing them to become increasingly aggressive and gain androgen-independent properties. During androgen deprivation, prostate cancer
cells lose a critical signaling cascade via AR activation, resulting
in the decreased expression of AR-regulated genes. A recent
study by Massie et al. identified key energy-producing networks, including glucose uptake and glycolysis, as regulated by
AR signaling (48). A decrease in the activity of the glycolytic
pathway places prostate cancer cells under stress to generate
energy in a quick manner in order to carry out necessary cellular
functions. One avenue through which such an effect can be
achieved is to increase energy production through the breakdown of fatty acids via the ␤-oxidation pathway (49).
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Fatty acid oxidation has been widely studied with respect to
prostate cancer progression, specifically, as a means of providing an important source of bioenergy (49, 50). Various
proteins involved in the metabolism of fatty acids have been
determined to be altered during prostate cancer (49, 50). Fatty
acid synthase (FASN) has been one of the most widely studied of these proteins, as it has been found to be over-expressed at both mRNA and protein levels in prostate cancer
(51). Interestingly, the highest levels of fatty acid synthase are
associated with androgen-independent bone metastatic lesions (51). Other frequently described fatty acid oxidation
pathway protein alterations observed in prostate cancer include a loss of stearoyl-CoA desaturase expression and increases in D-functional protein and ␣-methylacyl-CoA racemase expression (52–54). ␣-methylacyl-CoA racemase
expression in particular has been associated with increased
prostate cancer risk (54, 55).
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For the first time, we identified the ketogenic pathway as
a novel bioenergetic pathway potentially involved in the
progression of prostate cancer from low-grade to highgrade disease, followed by androgen independence. With
the exception of ACAT1, the ketogenesis pathway has not
been investigated in prostate cancer. Specifically, ACAT1
was shown to be involved in the androgen-mediated cholesterol metabolism in prostate cancer cell lines (56). In
another recent study, ACAT1 protein expression was found
to be elevated in LNCaP androgen-independent xenografts,
further suggesting its importance during prostate cancer
progression (57). Both studies focused on ACAT1 and its
involvement with cholesterol metabolism, an important metabolic pathway for cholesterol biosynthesis. Cholesterol
metabolism has also been found to be altered during the
progression of prostate cancer to AIPC, as free cholesterol
from increased biosynthesis or uptake is a potential resource for intratumoral de novo androgen synthesis. Thus,
an alternative hypothesis rationalizing the observed overexpression of ketogenic enzymes during high-grade prostate cancer and AIPC is to provide more efficient production
of cholesterol, which in turn can act as a precursor for the
generation of androgens. In order to better understand the
mechanism of action of these ketogenic enzymes in prostate cancer progression, further studies using RNA interference technology in prostate cancer cell lines and mouse
models need to be conducted. In addition, to further support our results, expression studies on a larger number of
samples, including more diverse clinical samples, such as
hormone naïve and hormone-refractory specimens, are
needed to provide additional insight into the importance of
these enzymes in prostate cancer. ACAT1 is of particular
interest, as it was found to be significantly elevated in
prostate cancer metastatic lesions. ACAT1 inhibitors have
been previously investigated for various other diseases (58,
59) and present an interesting avenue of therapeutic intervention to potentially treat high-grade and metastatic prostate cancers.
In recent years, the field of cancer bioenergetics has enjoyed a resurgence, specifically pertaining to alterations of
metabolic pathways during carcinogenesis. Displaying what
was initially described as the Warburg effect, tumor cells were
observed to switch from oxidative phosphorylation to anaerobic glycolysis, even in the presence of oxygen (60). As a
result of the identification of mutations in genes that encode
for enzymes for specific metabolic pathways, it has become
apparent that malignant cells will gain a survival advantage if
they are able to produce greater amounts of energy with
which to carry out important cellular tasks such as rapid
cellular growth and proliferation.
Overall, in this study, through the use of quantitative proteomics and validation on clinical samples, we have demonstrated that (i) many proteins become altered during the progression of prostate cancer to androgen independence, (ii) the
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ketogenic pathway enzymes become over-expressed during
high-grade prostate cancers, and (iii) ACAT1 becomes highly
elevated in metastatic prostate cancer. Going forward, the
complete understanding of the function of these ketogenic
pathway proteins with respect to prostate cancer pathophysiology will depend on the development of relevant in vitro and
in vivo models. However, our present findings provide sufficient evidence that the ketogenic-pathway-associated enzymes play an important role during prostate cancer pathogenesis and might be an interesting area for therapeutic
intervention for a disease that, to date, lacks targeted
treatments.
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M., Mayo, J. C. (2009) Upregulation of manganese superoxide dismutase
(SOD2) is a common pathway for neuroendocrine differentiation in prostate cancer cells. Int. J. Cancer 125, 1497–1504
Degraff, D. J., Aguiar, A. A., and Sikes, R. A. (2009) Disease evidence for
IGFBP-2 as a key player in prostate cancer progression and development of osteosclerotic lesions. Am. J. Transl. Res. 1, 115–130
Chung, M. K., Kim, H. J., Lee, Y. S., Han, M. E., Yoon, S., Baek, S. Y., Kim,
B. S., Kim, J. B., Oh, S. O. (2010) Hedgehog signaling regulates proliferation of prostate cancer cells via stathmin1. Clin. Exp. Med. 10, 51–57
Chen, M. F., Chen, W. C., Chang, Y. J., Wu, C. F., and Wu, C. T. (2010) Role
of DNA methyltransferase 1 in hormone-resistant prostate cancer. J.
Mol. Med. 88, 953–962
Zou, J. X., Guo, L., Revenko, A. S., Tepper, C. G., Gemo, A. T., Kung, H. J.,
Chen, H. W. (2009) Androgen-induced coactivator ANCCA mediates
specific androgen receptor signaling in prostate cancer. Cancer Res. 69,
3339 –3346
Mortezavi, A., Hermanns, T., Seifert, H. H., et al. (2011) KPNA2 expression
is an independent adverse predictor of biochemical recurrence after
radical prostatectomy. Clin. Cancer Res. 17, 1111–1121
Oram, S. W., Ai, J., Pagani, G. M., Hitchens, M. R., Stern, J. A., Eggener, S.,
Pins, M., Xiao, W., Cai, X., Haleem, R., Jiang, F., Pochapsky, T. C.,
Hedstrom, L., Wang, Z. (2007) Expression and function of the human
androgen-responsive gene ADI1 in prostate cancer. Neoplasia 9,
643– 651
Suh, J., and Rabson, A. B. (2004) NF-kappaB activation in human prostate
cancer: important mediator or epiphenomenon? J. Cell. Biochem. 91,
100 –117
Cohen, M. B., and Rokhlin, O. W. (2009) Mechanisms of prostate cancer
cell survival after inhibition of AR expression. J. Cell. Biochem. 10,
363–371
Balistreri, C. R., Caruso, C., Carruba, G., Miceli, V., and Candore, G. (2011)
Genotyping of sex hormone-related pathways in benign and malignant
human prostate tissues: data of a preliminary study. OMICS 15, 369 –374
Wegiel, B., Evans, S., Hellsten, R., Otterbein, L. E., Bjartell, A., and Persson,
J. L. (2010) Molecular pathways in the progression of hormone-independent and metastatic prostate cancer. Curr. Cancer Drug Targets 10,
392– 401
Sankpal, U. T., Goodison, S., Abdelrahim, M., and Basha, R. (2011) Targeting sp1 transcription factors in prostate cancer therapy. J. Med.
Chem. 7, 518 –525
Puisac, B., Ramos, M., Arnedo, M., Menao, S., Gil-Rodriı́guez, M. C.,
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