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�-Methylacyl-CoA racemase (AMACR) is a peroxiso-
mal and mitochondrial enzyme involved in the �-ox-
idation of branched fatty acids, shown to be elevated
in prostate cancer by several recent studies. Sequence
variants of AMACR have been linked to prostate can-
cer risk. Although mRNA transcript, protein, and se-
quence variants of AMACR have been studied in the
context of prostate cancer, AMACR enzymatic activity
has not been addressed. Here we present evidence
that AMACR activity is consistently elevated in pros-
tate cancer tissue specimens. This activity can be im-
munodepleted from prostate cancer tissue extracts.
Furthermore, mock needle biopsy cores containing
foci of prostate cancer exhibited increased AMACR
enzymatic activity, correlating with both protein lev-
els and histopathology. Taken together, our studies
suggest that AMACR activity is increased in prostate
cancer relative to benign epithelia and suggests that
monitoring AMACR activity levels in prostate needle
biopsies may have clinical applications. (Am J
Pathol 2004, 164:787–793)

High-throughput gene expression profiling of prostate
cancers has lead to the discovery of many novel genes
associated with cancers. �-Methylacyl-CoA racemase
(AMACR) is one such gene, identified by our group and
others, which is highly expressed in prostate carcinoma
cells as compared with benign or normal prostate epithe-

lial cells.1–6 AMACR is known to be responsible for the
conversion of (R)-pristanoyl-CoA and (R)-C27-bile acyl-
CoA to their (S)-stereoisomers, which can then be de-
graded via peroxisomal �-oxidation.7,8 Mutations in the
gene encoding AMACR leading to AMACR enzyme de-
ficiency have been linked to adult onset sensory motor
neuropathy and pigmentary neuropathy.9 Other clinical
conditions implicated with AMACR enzyme deficiency
include atypical Refsum’s disease10 and neonatal cho-
lestasis accompanied with fat-soluble vitamin malabsorp-
tion.11 Only recently, elevated levels of AMACR transcript
and protein have been found to be associated with pros-
tate cancer and the biological significance of this in-
crease with respect to tumorigenesis is unclear. Epide-
miological studies suggest red meat and dairy products,
which are rich sources of branched chain fatty acids, are
associated with increased risk of developing prostate
cancer.12,13 Importantly, these branched chain fatty ac-
ids are substrates for AMACR.14 Chronically elevated
levels of branched chain fatty acid substrates such as
pristanic acid in Western diets, potentially may contribute
to induction of AMACR. In addition, hydrogen peroxide
generated during peroxisomal �-oxidation15 is a likely
source of procarcinogenic oxidative damage.16,17 To as-
sess the biochemical significance of increased AMACR
levels in prostate cancer, we examined prostate cancer
tissues for levels of AMACR enzymatic activity as com-
pared to benign prostatic samples. Based on the forma-
tion of [3H] H2O from (R)-[2-3H]-pristanoyl-CoA, as de-
scribed previously,7,18 we detected elevated levels of
AMACR activity in extracts from frozen prostate cancer
tissues. The increased AMACR activity associated with
prostate cancer suggests a novel biochemical interaction
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between branched chain fatty acid metabolism and tumor-
igenesis. Although a mechanistic link between AMACR ac-
tivity and tumorigenesis is a subject of further investigation,
we explored measuring AMACR activity as a potential di-
agnostic tool. Needle biopsy core tissue extracts harvested
from radical prostatectomy samples were examined for AM-
ACR activity. Elevated levels of AMACR activity were spe-
cifically detected in needle biopsies containing foci of pros-
tate cancer suggesting that tests designed to measure
AMACR enzymatic activity may be useful in the real-time
analysis of prostate needle biopsies in the clinic.

Materials and Methods

Procurement of Prostate Tissues and Mock
Needle Biopsies

Prostate tissue samples were obtained from the radical
prostatectomy performed at the University of Michigan
Hospitals with prior approval from the Institutional Review
Board. The prostate specimens were transported to the
frozen section room located adjacent to the operating
rooms and processed within 15 to 20 minutes after sur-
gical resection. Using a previously established protocol,
prostate specimens were inked and serially sliced from
base to apex after removal of surgical margins.19 Ap-
proximately 50% of the tissue was saved for potential
research purposes. This protocol has been previously
evaluated in a formal study to ensure that partial sam-
pling does not impair accurate staging and pathological
evaluation.19 Tissue needle core samples were obtained
with an 18-gauge needle biopsy device (Microvasive,
Boston, MA) from the fresh sections saved for research
by firing the biopsy device parallel to the plane of the
section. Needle cores were primarily taken from bilateral
peripheral zones to simulate ex vivo prostate biopsy pro-
cedure. An average of eight needle cores were taken per
prostate. Needle cores were immediately snap-frozen in
OCT gel media using isopentane. Hematoxylin and eo-
sin-stained frozen sections of needle cores were evalu-
ated for pathological correlation with AMACR enzyme
activity.

Quantitative Real-Time Polymerase Chain
Reaction (QRT-PCR)

QRT-PCR was performed using the Applied Biosystems
Prism 7700 Sequence Detection System (Applied Biosys-
tems, Foster City, CA). Briefly, 1 �g of total RNA isolated
from benign, clinically localized prostate cancer and met-
astatic prostate samples was reverse-transcribed into
first strand cDNA using Superscript II Reverse Transcrip-
tase (Invitrogen, Carlsbad, CA) in the presence of Gene-
Filter Primer Poly dT and random hexamer primers (In-
vitrogen) and resuspended in 50 �l of DNase/RNase-free
water (Life Technologies, Inc., Grand Island, NY). For
each reaction, 0.5 �l of the cDNA product (containing the
cDNA from 10 ng of original total RNA), 12.5 �l of 2�
SYBR Green PCR Master Mix (Applied Biosystems), 1 �l

containing 25 ng of both the forward and reverse primer,
and 7.5 �l of DNase/RNase-free water was added to a
final volume of 25 �l. Thermocylcling conditions, as sug-
gested by the manufacturer, were 95°C for 10 minutes,
followed by 40 cycles of 95°C for 15 seconds and 60°C
for 1 minute. All reactions were performed in 96-well
optical grade PCR plates (Applied Biosystems). To con-
firm the absence of nonspecific amplification and primer-
dimer binding, a no-template control well was included
and amplified products were separated on a 1.5% aga-
rose gel. Threshold levels were set using the SDS v1.7
software (Applied Biosystems) and the quantity of DNA in
each sample was calculated by interpolating its Ct value
from a standard curve of Ct values obtained from serially
diluted cDNA from one of the prostate cancer samples
using Microsoft Excel (Microsoft, Redmond, WA). All
standard curves had R2 values �0.99 over three orders
of magnitude. The calculated quantity of AMACR from
each sample was then divided by the average calculated
quantity of the housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) corresponding to
each sample to give a relative expression of AMACR for
each sample. Levels of another housekeeping gene hy-
droxymethylbilane synthase were also measured for
each sample. Oligonucleotide primers were designed
using Primer Select (DNASTAR, Madison, WI) to minimize
primer-dimer formation and amplify cDNA products
spanning at least one intron-exon junction to eliminate
amplification of genomic DNA. Specificity of each primer
set was confirmed by comparison to the known se-
quences in the National Center for Biotechnology Infor-
mation BLAST database. Primer sequences are available
on request.

Laser Capture Microdissection

Expression of AMACR was determined in benign prostate
and prostate cancer epithelial cells isolated by laser cap-
ture microdissection. Laser capture microdissection was
not required to measure AMACR activity in prostate nee-
dle biopsies. Briefly, a 6-�m slice was cut with a cryostat
from the OCT-embedded tissue block and placed on a
special manufactured membrane slide. The slide was then
stained with Harris hematoxylin for 50 seconds, followed by
two short water washes in distilled water. Eosin staining was
done for 30 seconds. Excessive eosin was rinsed off with
distilled water and slides were air-dried. The SL Microtest
device (MMI, Manchester, NH) using the �CUT software
was used for laser capture microdissection. Areas of inter-
est were circled on the monitor under the supervision of a
board certified pathologist (RBS), cut by the UV laser, and
the dissectates were picked up using the adhesive surface
of the lid of specially manufactured tubes (MMI). Three
separate cancerous regions and one benign region from
the same specimen were cut and placed in separate tubes.
Total RNA was isolated from each sample using the Abso-
lutely RNA Microprep Kit (Stratagene, La Jolla, CA) accord-
ing to the manufacturer’s instructions, vacuum concen-
trated and reverse transcribed as above. QRT-PCR was
performed in duplicate for AMACR and GAPDH expression
in each sample and mean AMACR/GAPDH is reported.
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Preparation of Recombinant HIS-AMACR
Protein

HIS-AMACR plasmid was subcloned from AMACR-MBP
fusion construct kindly provided by R.J. Wanders (Uni-
versity of Amsterdam, The Netherlands)9 into pET 28a(�)
vector (Novagen, Madison, WI) as an N-terminal histi-
dine-tagged fusion construct. Polyhistidine-tagged AM-
ACR was purified from Escherichia coli by using standard
nickel affinity chromatography as per the manufacturer’s
instructions (Qiagen, Chatsworth, CA).

AMACR Activity Assay

Cells or tissues to be assayed were homogenized in 10
mmol/L sodium/potassium/phosphate buffer (Na/K/Pi),
pH 6.8, 0.1% sodium azide, with a Polytron homogenizer,
for 1 minute and the lysates were then sonicated (1
minute, microtip, 70% output). After centrifugation at
13,000 � g for 5 minutes to remove the cellular debris,
the total protein content of the lysates was determined by
the dye-binding method of Bradford20 using the Bio-Rad
Protein Assay kit (Bio-Rad, Richmond, CA). Five �g of
each lysate was used for the AMACR activity as previ-
ously described,7,18 with minor modifications. Briefly, the
lysates were incubated with 100 �mol/L [2-3H]-
pristanoyl-CoA (10,000 cpm), in 50 mmol/L Tris/HCl, pH
8.0, in 50 �l volume, at 37°C for 30 minutes. The reaction
was stopped with 450 �l of 1% trichloroacetic acid and
the whole reaction mixture was applied onto a reverse-
phase silica gel (RP-18) column (Merck KGaA, Darm-
stadt, Germany). [3H]-H2O obtained, was quantified by
liquid scintillation counting.

Immunoblot Analyses

Extracts prepared from frozen tissues or needle biopsy
samples were separated on 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. The proteins were
blotted onto nitrocellulose membranes (Amersham Bio-
sciences, Arlington Heights, IL) and blocked for 4 hours
in Tris-buffered saline containing 5% nonfat milk and
0.1% Tween-20 at room temperature. The membranes
were then incubated with antibodies directed against
human AMACR9,18 or, �-tubulin (NeoMarkers, Fremont,
CA) at 4°C overnight. Membranes were washed with
Tris-buffered saline containing 0.1% Tween-20 and incu-
bated with horseradish peroxidase-conjugated second-
ary antibody (Amersham Biosciences) for 1 hour at room
temperature. After washing the membrane with Tris-buff-
ered saline containing 0.1% Tween-20, signals were vi-
sualized by the enhanced chemiluminescence system
(Amersham Biosciences).

Immunodepletion

Tissues were lysed in 10 mmol/L sodium/potassium/
phosphate buffer (Na/K/Pi), pH 6.8, 0.1% sodium azide
and 5 �g each was incubated with either human AMACR
antiserum18 or normal rabbit serum in a total volume of

400 �l of Na/K/Pi buffer and rotated end-over-end at 4°C
for 60 minutes. Protein G-Sepharose beads (Amersham
Biosciences) equilibrated in Na/K/Pi buffer were added and
the reactions were incubated for a further 60 minutes. The
lysates were separated from protein G-Sepharose antibody
complex using a 301/2-gauge needle. Two more rounds of
immunodepletions were performed. Immunodepleted ly-
sates were assayed for AMACR activity as described in the
previous section.

Results and Discussion

AMACR mRNA Transcript Is Overexpressed in
Laser Capture Microdissected Prostate Cancer
Epithelial Cells

AMACR is both highly specific and sensitive to prostate
cancer, as reported earlier by DNA microarray analy-
sis,2–5 and as noted here by quantitative RT-PCR of RNA
isolated from grossly dissected prostate tissues (Figure
1A). To confirm that the increased AMACR mRNA tran-
script levels was because of increased expression in
prostatic epithelia rather than stroma we performed laser
capture microdissection and similar results were ob-
tained (Figure 1B).

AMACR Enzymatic Activity Is Elevated in
Prostate Cancer

To assess if the increased levels of AMACR in prostate
cancer tissues result in increased enzymatic activity, we
made use of an AMACR activity assay reported earli-
er.7,18 This assay is based on the conversion of (R)-
stereoisomer of [2-3H]-pristanoyl-CoA to the (S)-stereo-
isomer, facilitating its degradation by �-oxidation,
resulting in release of [3H]-H2O (Figure 2A). The [3H]-H2O
is recovered from the reaction mixture by passing
through a reverse-phase silica gel column and quantified
by liquid scintillation counting, thus providing a measure
of AMACR activity. Before examining prostate cancer
samples, we standardized the assay conditions and as-
sessed the dynamic range of the assay using bacterially
expressed recombinant HIS-AMACR protein incubated
with the radiolabeled substrate. As seen in Figure 2B, the
relationship between the enzyme concentration and the
enzyme activity is linear throughout a range of concen-
trations of recombinant AMACR. This suggests that a
dynamic range of detection of the enzyme activity is
available for the AMACR assay. In addition, the magni-
tude of activity, as assessed throughout a period of time,
is linear as well (Figure 2B, right). This is likely to be useful
in increasing the sensitivity of the assay, involving low
amounts of the protein.

With the assay parameters in place and standardized,
we next examined AMACR activity profile in a panel of
benign and localized prostate cancer tissue extracts. The
activity profile, as shown in Figure 2C, clearly demonstrates
increased levels of activity in the prostate cancer samples
as compared to the benign tissue. To confirm that these
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observations are specifically a result of AMACR activity, a
prostate cancer tissue lysate was assayed for activity
after being immunodepleted with either �-AMACR anti-
serum or normal rabbit serum. AMACR activity was at-
tenuated on immunodepletion with �-AMACR antiserum
(Figure 2D), but not with normal rabbit serum, confirming
that the assay is indeed specific to AMACR activity.

AMACR Activity Is Elevated in Prostate Needle
Biopsies Containing Foci of Prostate Cancer

Needle biopsy cores obtained from three prostatecto-
mies, that were either positive or negative for prostate

cancer were used for histopathological assessment and
AMACR assays as shown in Figure 3. Based on histopa-
thology, a total of four needle cores clearly demonstrated
prostate cancer and 14 demonstrated only benign tissue
(representative data shown) (Figure 3A). Extracts derived
from the needle biopsies were subjected to the AMACR
activity assay. Similar to the LNCaP prostate cancer cell
line, prostate needle biopsies that contained foci of pros-
tate cancer had high AMACR activity levels (Figure 3B).
Much lower AMACR activity levels were seen in prostate
needle biopsies containing only benign or high-grade pros-
tatic intraepithelial cells (data not shown) and AMACR
protein levels correlated well with AMACR activity levels

Figure 1. AMACR mRNA transcript expression in prostatic cancer. A: Quantitative real-time PCR analysis of AMACR transcript levels in grossly dissected prostate
tissues. The estimated quantity of AMACR divided by the average quantity of GAPDH was used to calculate the relative expression of AMACR (y axis) for each
sample (x axis). An average of the three classes [benign, localized prostate cancer (PCA), and metastatic prostate cancer (MET)] is provided in the inset. B: Laser
capture microscopic dissection of prostate epithelial cells followed by QRT-PCR analysis. Schematic of laser capture microdissection of prostate tissue (left)
followed by quantitation of AMACR mRNA expression (right) as described in A.
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Figure 2. AMACR enzymatic activity in prostate cancer. A: Schematic representation of the role of AMACR in facilitating �-oxidation of branched chain fatty acids
by converting (R)-stereoisomer of pristanoyl-CoA and THC-CoA to their respective (S)-stereoisomers. The schematic also depicts the rationale of AMACR activity
assay involving breakdown of [3H]-(2R)-pristanoyl CoA leading to release of [3H]-H2O. B: Standardization of the AMACR activity assay using recombinant AMACR.
Enzymatic activity of AM�CR expressed as the amount of [3H]-H2O generated per unit time, on incubation of 100 �mol/L substrate, [2-3H] pristanoyl-CoA, with
increasing amounts of purified HIS-AMACR protein, for 30 minutes (left). Enzymatic activity of AMACR expressed as the amount of [3H]-H2O generated per mg
of enzyme, on incubation of 100 �mol/L substrate, [2-3H] pristanoyl-CoA, with 250 ng of purified HIS-AMACR protein, throughout a time course (right). C: AMACR
enzymatic activity in extracts from frozen tissue samples of grossly dissected benign or clinically localized prostate cancers (PCA). Tissue extracts were incubated
with 100 �mol/L substrate, [2-3H] pristanoyl-CoA, expressed as the amount of [3H]-H2O generated per unit time, per unit total protein concentration. The values
shown are mean � SEM of three independent experiments. The inset represents a consolidated plot of the values for benign and PCA samples. D: Specific
immunodepletion of AMACR enzymatic activity from prostate cancer extracts. The values shown are mean � SEM of three independent assays.
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in matched extracts (Figure 3C). To further validate our
results we analyzed 50 ex vivo needle biopsies for
AMACR activity levels. The prostate needle biopsies that
contained foci of cancer exhibited on average 6.6-fold
more AMACR activity than benign needle biopsies. Im-
portantly, 12 of 13 prostate needle biopsies that con-
tained foci of cancer had high AMACR activity whereas
only 4 of 37 benign needle biopsies had high AMACR
activity. Thus, in this testing cohort of prostate needle
biopsies, the AMACR activity test exhibited 92.3% sensi-
tivity and 89.2% specificity.

The advent of DNA microarrays and tissue microarrays
has led to the identification of numerous prostate cancer-
associated genes and proteins.1,21,22 Using the above
approach our group and others identified and validated
Hepsin,1,21–23 AMACR,2,3,5 and EZH2,24 as potential bi-
omarkers for prostate cancer. Among these, AMACR has
been shown to be potentially useful in assessing prostate
cancer in the context of needle biopsies.2–5 Several stud-

ies have demonstrated the remarkable specificity of
AMACR protein in prostate cancer epithelia relative to
benign epithelia. In this study, we demonstrated that
AMACR enzymatic activity is up-regulated in prostate
cancer. Future studies will address the role of AMACR
activity and the �-oxidation of branched fatty acids in
prostate carcinogenesis. This study also suggests that
further epidemiological studies measuring levels of
AMACR substrates such as diastereoisomers of pristanic
acid, phytol, phytanic acid, and the bile acid intermedi-
ates di- and trihydroxycholestanoic acid are warranted.

In addition to demonstrating AMACR activity in pros-
tate cancer, we demonstrated that AMACR activity could
be measured in prostate needle biopsies. Elevated levels
of AMACR activity were specifically detected in needle
biopsies containing foci of prostate cancer suggesting
that an assay designed to measure AMACR enzymatic
activity may be useful as a rapid diagnostic test for pros-
tate cancer at the time of a prostate needle biopsy.

Figure 3. Correlation of histopathology, AMACR enzymatic activity and AMACR protein levels in prostate needle biopsies. A: H&E-stained frozen sections of ex
vivo prostate needle biopsies performed on three patients. Both benign and prostate cancer biopsies were used from each patient. B: AMACR enzymatic activity
of matched tissue extracts from biopsies shown in A. See Figure 2 for assay details. LnCaP is a prostate cancer cell line used as a positive control. Patient 3a and
3b represent tissue from the same patient but different areas of the prostate. C: Matched immunoblot analysis of prostate needle biopsy extracts measuring AMACR
protein levels. Blots were probed with �-AMACR antiserum. Human �-tubulin is used as loading control.
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Although the radioactivity-based AMACR assay used in
this study is not conducive to clinical implementation, a
colorimetric assay25 could be developed. Such an assay
could instantaneously measure AMACR activity in pros-
tate needle biopsies so that fewer needle cores may be
necessary for the detection of prostate cancer.
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