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Despite years of discovery and attempts at validation,
few molecular biomarkers achieve acceptance in the
clinical setting. Tissue-based markers evaluated by
immunohistochemistry suffer from a high degree of
inter- and intraobserver variability. One recent ad-
vance in this field that promises to automate this
process is the development of AQUA, a molecular-
based method of quantitative assessment of protein
expression. This system integrates a set of algorithms
that allows for the rapid, automated, continuous, and
quantitative analysis of tissue samples, including the
separation of tumor from stromal elements and the sub-
cellular localization of signals. This study uses the
AQUA system to assess a recently described prostate
cancer biomarker, �-methylacyl-CoA-racemase (AMACR),
and to determine the effectiveness of the quantitative
measurement of this marker as a means for making
the diagnosis of prostate cancer. Using a prostate can-
cer progression tissue microarray containing a wide
range of prostate tissues, AQUA was directly com-
pared to standard immunohistochemical evaluation
for AMACR protein expression using the p504s mono-
clonal antibody. Both methods produced similar re-
sults showing AMACR protein expression to be stron-
gest in the clinically localized prostate cancer,
followed by the metastatic tumor samples. Benign

prostate tissue was categorized as negative for most
tissue samples by immunohistochemistry. However,
AMACR was detectable using the AQUA system at low
levels using the standard 1:25 dilution but also at
1:250 dilution, which is not detectable by light mi-
croscopy. The AQUA system was also able to discrim-
inate foamy gland prostate cancers, which are known
to have a lower AMACR expression than typical acinar
prostate cancers, from benign prostate tissue sam-
ples. Finally, a receiver-operating-characteristic curve
was plotted to determine the specificity of the AMACR
AQUA Z-score (normalized AQUA score) to predict
that a given tissue microarray sample contains can-
cer. The area under the curve was calculated at 0.90
(P < 0.00001; 95% CI, 0.84 to 0.95). At an AMACR
AQUA Z-score score of �0.3, 91% of the 70 samples
classified as prostate cancer were correctly catego-
rized without the intervention of a pathologist re-
viewing the tissue microarray slide. In conclusion,
the AQUA system provides a continuous measure-
ment of AMACR on a wide range of prostate tissue
samples. In the future, the AMACR AQUA Z-score may
be useful in the automated screening and evaluation
of prostate tissue biomarkers. (Am J Pathol 2004,
164:831–840)

Despite years of discovery and attempts at validation,
few molecular biomarkers have achieved acceptance in
the clinical setting. Often exciting initial reports fail con-
firmation when tested in other laboratories. Many factors

Supported by the Specialized Program of Research Excellence for Pros-
tate Cancer from the National Cancer Institute (grants P50CA90381 to
M.A.R., P50CA69568 to M.A.R. and A.M.C., R01AG21404 to M.A.R., and
NCI R21 CA100825 to D.L.R.).

Accepted for publication November 4, 2003.

Address reprint requests to Mark A. Rubin, M.D, Department of Pathol-
ogy (Amory 3-195), Brigham and Women’s Hospital/Harvard Medical
School, 75 Francis St., Boston, MA 02115. E-mail: marubin@partners.org.

American Journal of Pathology, Vol. 164, No. 3, March 2004

Copyright © American Society for Investigative Pathology

831



are involved in the standardization and adaptation of
putative biomarkers. Even Federal Drug Administration-
approved tests, such as the Herceptin test, vary so
greatly as to question the reproducibility of the test out-
side of high-volume reference laboratories.1,2 Tissue-
based biomarkers evaluated by immunohistochemistry
can be quantified. However, one important limitation with
standard immunohistochemistry is that low antibody con-
centrations lack sensitivity at the low end of protein ex-
pression and high antibody concentrations fail to distin-
guish protein expression at the mid to high levels of
expression because of saturation, higher background,
and nonspecific staining. These inherent shortcomings of
standard immunohistochemistry relegate evaluation to
subjective nominal categories, which may demonstrate
poor inter- and intraobserver agreement. One general
concern is that excellent biomarkers may and have been
dismissed prematurely because of limitation in tissue-
based evaluations. The cell-cycle inhibitor, p27(kip1), is
an example of a promising prostate cancer biomarker
that has never gained a foothold in the clinical setting.3–5

This dilemma becomes more urgent with the advent of
high-throughput technologies that identify hundreds of
dysregulated genes but offer no clear strategies to ad-
vance our understanding of these genes as tissue mark-
ers. The analysis is limited by standard pathology evalu-
ation, creating a biomarker bottleneck on the microscope
stage of academic pathologists. Our group and others
have extensively used tissue microarrays (TMAs) to
screen large numbers of gene products with the goal of
characterizing novel cancer biomarkers. Yet the rate-
limiting factor remains a pathologist’s ability to review,
interpret, and subjectively qualify the staining intensity of
the tissue samples using standard immunohistochemistry.

One recent advance in this field that promises to au-
tomate this process is the development of the AQUA
system.6,7 The AQUA system integrates a set of algo-
rithms that allows for the rapid, automated, continuous,
and quantitative analysis of TMAs, including the separa-
tion of tumor from stromal elements and the subcellular
localization of signals. Proof of principle experiments val-
idated this approach using estrogen receptor and Her2-
neu analysis in breast carcinoma and showed that this
technology was able to discover relationships between
expression and outcome that were impossible for con-
ventional pathologist-based immunohistochemical meth-
ods.6,7 Automated analysis and subcellular localization of
�-catenin in colon cancer identified two novel, prognos-
tically significant tumor subsets, not detected by tradi-
tional pathologist-based scoring.6 From the perspective
of screening novel biomarkers the AQUA system prom-
ises to make the process more objective and quantitative.

In the field of prostate cancer biomarker development,
we believed that the AQUA system could be used to help
screen for new prognostic and predictive biomarkers.
Therefore the goal of the current study was to character-
ize one recently identified prostate cancer biomarker,
�-methylacyl-Co-A racemase (AMACR). As previously
described by several groups, AMACR is expressed in
prostate cancer and high-grade prostatic intraepithelial
neoplasia (PIN).8–17 However, this sensitive prostate can-

cer biomarker is variably expressed in some clinically
localized prostate cancers and metastatic tumors.10,13

Therefore one of the challenges in using AMACR in the
detection of prostate cancer is the variability of expres-
sion. The current study examines AMACR expression
using the AQUA system on a prostate cancer progres-
sion TMA with the goal of determining AMACR protein
expression throughout a continuous range in a wide va-
riety of prostate samples.

Materials and Methods

Case Selection

To test the feasibility of using the AQUA system in com-
bination with AMACR to quantify prostate cancer biomar-
kers, we developed a prostate cancer progression TMA.
This TMA is composed of benign prostate tissue, local-
ized prostate cancer, and hormone naı̈ve and hormone-
refractory metastatic prostate cancer (Figure 1A). These
cases came from well-fixed radical prostatectomy spec-
imens from the University of Michigan (Ann Arbor, MI),
the University Hospital Ulm (Ulm, Germany), and the
rapid autopsy program from the University of Michigan
Specialized Program of Research Excellence in Prostate
Cancer.18 All samples were collected with prior institu-
tional review board approval at each respective institu-
tion. A second focused TMA was created to test foamy
gland tumors, which have been previously reported to
have a significantly lower expression of AMACR when
compared to clinically localized prostate cancers.19 This
TMA was composed of classic acinar prostate cancers
and areas demonstrating foamy gland features from the
same cases. Benign tissue samples were also placed in
the TMA to serve as a negative control.

Immunohistochemistry for AMACR

Pretreatment conditions and incubations have already
been worked out for AMACR immunostaining using the
commercially available monoclonal antibody directed
against AMACR (p504s; Zeta Corp., Sierra Madre, CA).
The TMA was soaked in xylene overnight to remove ad-
hesive tape used for construction of the TMA. Pretreat-
ment included placing the slide in a 6.0- pH citrate buffer
and microwaving for 30 minutes. Primary p504s antibody
was incubated for 40 minutes at room temperature. Sec-
ondary anti-mouse antibodies were applied for 30 min-
utes and the enzymatic reaction was completed using a
streptavidin biotin detection kit (DAKO Developing Sys-
tem; DAKO, Carpinteria, CA). The slides were developed
using diaminobenzidine for 5 minutes. Optimal primary
antibody concentration was determined by serial dilu-
tions, optimizing for maximal signal without background
immunostaining. After extensive testing, a concentration
of 1:25 dilution was determined to be optimal under these
conditions.
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Scoring of AMACR Protein Expression

AMACR protein expression was determined using a val-
idated scoring method,10,13,20–22 in which staining was
evaluated for intensity. Benign epithelial glands and pros-
tate cancer cells were scored for AMACR staining inten-
sity on a four-tiered system ranging from negative to
strong expression.

AQUA System Analysis of AMACR

AMACR expression was determined using the AQUA
system by first localizing epithelial cells using a fluores-
cently tagged anti-cytokeratin antibody cocktail (AE1/

AE3, DAKO). 4,6-Diamidino-2-phenylindole (DAPI) was
added to visualize nuclei. AMACR was visualized with a
fluorescent chromogen (Cy-5-tyramide; NEN Life Sci-
ence Products, Boston, MA) which, like diaminobenzi-
dine, is activated by horseradish peroxidase and results
in the deposition of numerous covalently associated Cy-5
dyes immediately adjacent to the horseradish peroxi-
dase-conjugated secondary antibody. As previously de-
scribed, Cy-5 (red) was used because its emission peak
is well outside the green-orange spectrum of tissue
autofluorescence.6,7 Using this approach, classical com-
partments can be identified on the basis of molecular
co-localization. The cytokeratin compartment is equiva-
lent to all epithelial cells in the 0.6-mm diameter TMA

Figure 1. A–D: Prostate cancer progression chip to measure AMACR expression in benign and neoplastic prostate tissue samples. A prostate cancer progression
tissue microarray was designed composed of benign prostate sectors (dark blue), clinically localized prostate cancer sectors (red), regional lymph node metastatic
prostate tumors (green), and distant hormone-refractory metastatic prostate tumors (light blue). A: AMACR expression can be seen at the macroscopic level with
strong brown expression seen in the prostate cancer sectors. Rare focal expression can be appreciated in the benign section (blue square and TMA sample) and
at a similar intensity as seen in an example of clinically localized prostate cancer (red square and TMA sample). C: This sample demonstrates high-grade PIN, a
precursor lesion to prostate cancer. D: This area of high-grade PIN demonstrates moderate levels of AMACR expression. Original magnifications: �200 (A, B);
�630 (C, D).
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spot. DAPI is the area defined as the cell nucleus. The
AMACR-positive compartment is consistent with prostate
cancer or high-grade PIN. This approach is presented in
schematic form in Figure 2. A complete and detailed
description of the staining process and the exact meth-
ods of the system used for analysis (AQUA) are available
in the article and supplemental material from Camp and
colleagues.6

Automated Image Acquisition and Analysis

Automated image acquisition and analysis using AQUA
has been previously described.6,7 In brief, multiple,
monochromatic, high-resolution (1024 � 1024 pixels,
0.5-�m resolution) images were obtained of each TMA
spot using an Olympus AX-51 epifluorescence micro-
scope (Olympus, Melville, NY) set up with a series of user
modifications including an automated Prior microscope
stage and both video and digital image (Roper Cool
Snap) acquisition driven by custom program and macro-
based interfaces with IPLabs (Scanalytics Inc., Fairfax,
VA) software, through a 10� Plan Apo objective. As
described above, areas of epithelial cells were distin-
guished from stromal elements by creating a mask from
the cytokeratin signal (Figure 2). To obtain a final nor-
malized score for AMACR, theAMACR signal intensity
from pixels within the cytokeratin mask were measured
on a scale of 0 to 255, and expressed as signal intensity
divided by the cytokeratin pixel area. The resultant score
has three significant figures and is directly proportional to

the number of molecules per unit area, however that
conversion is not yet possible for AMACR.

RESA/PLACE Algorithmic Analysis of Images

This algorithm has been previously described.6,7 First, a
tumor-specific mask is generated by thresholding the
image of a marker that differentiates tumor from sur-
rounding stroma and/or leukocytes. This creates a binary
mask (each pixel is either on or off). In this study we used
cytokeratin and AMACR to create tumor masks. Because
formalin-fixed tissues can exhibit autofluorescence, anal-
ysis may give multiple background peaks. The RESA/
PLACE algorithms determine which of these peaks is
predominant and sets a binary mask threshold at a
slightly higher intensity level. This provides an adaptive
(unique to each TMA sample) thresholding system that
ensures that only the target signal from the tumor and not
the surrounding elements is analyzed. Thresholding lev-
els were verified by spot-checking a few images and then
automated for the remaining images. This binary mask
can be modified using standard image manipulations. In
most cases this involves filling holes of a particular size
(eg, less than 500 pixels, to fill in tumor nuclei that do
not stain for either cytokeratin or AMACR) and remov-
ing extraneous single pixels. Once set, these image
manipulations are performed automatically on all im-
ages. All subsequent image manipulations involve only
image information from the masked area.

Figure 2. A–H: Schematic view for using AQUA to measure AMACR in prostate samples. A: Prostate cancers are heterogeneous with a mixture of benign and
infiltrating cancer cells. B: Using a single antibody against keratin, the AQUA algorithm can measure the intensity and area of keratin-positive cells using
fluorescent dyes. This area is shown in yellow. C: A second antibody against AMACR (p504s) is used to target neoplastic prostate glands. This area is shown in
red. D: The fluorescent dyes allow for the simultaneous evaluation of up to four antibodies. In this example AMACR and keratin are shown. The area for each
marker is measured by the system (E and F) and can be considered a virtual compartment representing a keratin-positive area and AMACR-positive area (G). Dual
expression of keratin and AMACR define a neoplastic compartment (ie, prostate cancer or prostatic intraepithelial neoplasia). Keratin-positive and AMACR-
negative areas are consistent with benign epithelial compartment. Negative staining for both AMACR and keratin are consistent with a stromal compartment. Using
these definitions, the intensities of different compartments can be measured using arbitrary units (H).
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Next, two images (one in-focus, one slightly deeper)
are taken of the compartment-specific tags and the target
marker. A percentage of the out-of-focus image is sub-
tracted from the in-focus image, based on a pixel-by-
pixel analysis of the two images. This percentage is de-
termined according to the ratio of the highest/lowest
intensity pixels in the in-focus image—representing the
signal to noise ratio of the image. By using an exponential
scale, this allows RESA to subtract low-intensity pixels in
images with a low signal/noise ratio less heavily than
low-intensity pixels from images with a high signal/noise
ratio. The overall degree of subtraction is based on a
user-defined percentage for each subcellular compart-
ment. For most applications this is empirically set to 40%
of the total signal, and remains constant for images from
an entire microarray. RESA thus eliminates all out-of-
focus information. The algorithm has the added benefit of
enhancing the interface between areas of higher intensity
staining and adjacent areas of lower intensity staining,
allowing more accurate assignment of pixels of adjacent
compartments. In contrast to the compartment-specific
tags, the RESA subtraction of the target signal is uniform
and not based on overall intensity of the image intensity.
This ensures that the same amount of subtraction occurs
with the target signal from all specimens.

Finally, the PLACE algorithm assigns each pixel in the
image to a specific subcellular compartment. Pixels that
cannot be accurately assigned to a compartment to
within a user-defined degree of confidence (usually 95%)
are discarded. This is accomplished by iteratively deter-
mining the ratio of signal from two compartment-specific
markers that minimizes the spillover of marker from one
compartment into another. Pixels in which the nuclear
and membrane pixel intensities are too similar to be
accurately assigned are negated (usually comprising
�8% of the total pixels). A third compartment (the cyto-
plasm) can be defined by exclusion (nonmembrane, non-
nuclear). Once each pixel is assigned to a subcellular
compartment (or excluded as described above), the sig-
nal in each location is added up. The data are saved and
can subsequently be expressed either as a percentage
of total signal or as the average signal intensity per com-
partment area. The score is expressed on a scale of 1 to
1000 because the total intensity detectable in a pixel
ranges from 1 to 255 creating three significant figures.
These algorithms are described in a recently submitted
patent of this technology owned by Yale University. In this
study, for AMACR only cytoplasmic-localized signal was
used over a cytokeratin-positive compartment.

Statistical Analysis

AMACR protein expression was evaluated between
groups using analysis of variance. To account for multiple
associations between tissue categories, which might
tend to favor a significant association because of chance,
posthoc analysis according to the Scheffé method was
performed as previously used.13 The AMACR protein
expression data were presented graphically using error
bars with 95% confidence intervals. For the analysis of
the foamy gland tumors, the data needed to be normal-

ized to compare AQUA scores from two separate exper-
iments. A Z-score was calculated to compare the arbi-
trary AQUA units from one study to the next. This
approach has been previously validated using cDNA
expression array data sets.23 The Z-score was defined as
follows: [(AQUA score) � (mean score of all AQUA
scores on TMA X)]/standard deviation, where X is a given
TMA experiment. Using this approach it is possible to
compare results from different experiments. After normal-
ization, AMACR expression was compared between
foamy gland tumors and other tissue types. A receiver-
operating-characteristic (ROC) curve was then created to
plot the sensitivity versus 1 minus the specificity of the
AQUA Z-score to predict that a given TMA sample con-
tains cancer. The area under the curve was calculated
using a nonparametric method. An area under the curve
of 1.0 indicates a test with perfect discrimination between
TMA samples with and those without prostate cancer. An
area under the curve of 0.5 indicates a test with no
discriminatory power. All statistical analyses were per-
formed using a commercially available software package
(SPSS 11.1; SPSS Inc., Chicago, IL).

Results

AMACR Expression Determined by the Study
Pathologist Using Immunohistochemistry

The expression of AMACR (p504s) was determined using
a prostate cancer progression TMA (Figure 1). Expres-
sion was scored as negative (score � 1), weak (score �
2), moderate (score � 3), and strong (score � 4). The
results for each tissue type are presented as error bars of
AMACR (p504s) protein expression with 95% confidence
intervals (Figure 3D). AMACR demonstrated moderate to
strong cytoplasmic protein expression by standard im-
munohistochemistry in clinically localized prostate can-
cer with a mean expression score of 3.14 (SE, 0.1; 95%
CI, 2.91 to 3.36). By using the prostate progression TMA,
more variable expression was seen in the metastatic
prostate cancers (Table 1). AMACR protein expression
using standard immunohistochemistry demonstrated a
significant difference in staining intensity between local-
ized prostate cancer and benign prostate tissue with
mean staining intensities of 3.14 and 1.3, respectively
(mean difference, 1.84; analysis of variance posthoc
Scheffé analysis, P � 0.00001). Expression of AMACR
was significantly higher for both hormone-sensitive and
hormone-refractory prostate cancer, but the mean ex-
pression was lower than for clinically localized prostate
cancer. These results are consistent with previous obser-
vations.10,13 No differences were detected in AMACR
protein expression based on tumor Gleason score, con-
sistent with previous observations.12–14,16

AQUA Evaluation of AMACR Expression Using
the Prostate Cancer Progression Chip

AQUA measured similar AMACR protein expression lev-
els for the different tissue categories (ie, benign, local-

Measuring AMACR in Prostate Cancer 835
AJP March 2004, Vol. 164, No. 3



Figure 3. A–G: AMACR expression as determined by AQUA and standard pathology review. A to C demonstrate how AQUA identifies prostate cancer from benign
tissue in a tissue microarray sample (0.6 mm diameter). A: Using DAPI staining, all nucleated cells in both the stroma and epithelial compartments are identified.
The cytokeratin-positive compartment identifies all epithelial cells (B) and Cy-5 expression (red) demonstrates the area of AMACR expression (C). The staining
area and intensity of each compartment can be calculated. The AMACR-positive area, which overlaps with the cytokeratin mask is equivalent to the prostate cancer
compartment. D: AMACR (p504s) protein expression by standard pathology review using immunohistochemistry. The expression of AMACR (p504s) was
determined using the prostate cancer progression tissue microarray. Expression was scored as negative (score � 1), weak (score � 2), moderate (score � 3), and
strong (score � 4). The results for each tissue type are presented as error bars of AMACR (p504s) protein expression with 95% confidence intervals. E: AQUA
evaluation of AMACR expression using the prostate cancer progression tissue microarray at two antibody concentrations. AQUA measured similar AMACR protein
expression levels for the different tissue categories [ie, benign, localized prostate cancer (PCa), metastatic prostate cancer to regional lymph nodes (Mets), and
distant hormone-refractory metastatic prostate cancer (HR Mets)] at standard antibody concentrations (1:25) and at a concentration that would not be visible using
standard immunohistochemistry (1:250). The intensity is corrected for area for each tissue microarray spot and measured using arbitrary units. The errors bars
demonstrate that within 95% confidence intervals, benign prostate tissue does not score greater than 10 units. F: AMACR protein expression histogram for AQUA
analysis. Using the arbitrary unit, this histogram demonstrates a relatively normal distribution of AMACR protein expression using samples from the prostate
progression chip. This demonstrates the ability of the AQUA system to give a continuous readout of protein expression. G: Variable AMACR protein expression
is appreciated by presenting the individual staining intensities for each sample based on tissue category. Although AMACR protein expression for the clinically
localized prostate tumors is significantly higher than the population of benign samples, AMACR expression is still observed in benign tissues and can also be found
to be low in other categories.
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ized prostate cancer, metastatic prostate cancer to re-
gional lymph nodes, and distant hormone-refractory
metastatic prostate cancer) at standard antibody con-
centrations (1:25) and at a lower concentration that would
not be detected using standard immunohistochemistry
(1:250). The results are presented in Figure 3E and Table
2. The intensity of AMACR protein expression is cor-
rected for the area for each TMA spot and measured
using arbitrary units. The errors bars demonstrate that
benign prostate tissue does not score greater than 10
arbitrary units. A second finding is that AMACR at both
concentrations demonstrates a similar range of staining
intensities for each tissue type (Figure 3E). The results
also demonstrate that AMACR expression is quite vari-
able in the hormone-refractory metastatic prostate can-
cer cases, consistent with our previous observations us-
ing other methods.10,13 Significant differences were seen
between benign prostate tissue (mean AQUA score, 7.3)
and clinically localized prostate cancer (mean AQUA
score, 21.6) with a mean difference of 14.3 (95% CI, 8.5
to 20.2; P � 0.00001). Significant differences were seen
between localized prostate cancer and hormone-naı̈ve
prostate cancer (mean difference, 7.9; 95%CI, 1.5 to
14.3; P � 0.006) and between localized prostate cancer
and hormone-refractory prostate cancer (mean differ-
ence, 8.1; 95% CI, 1.7 to 14.6; P � 0.005). There is no
significant difference in AMACR expression between the
hormone-naı̈ve and -refractory tumors (mean difference,
0.2).

Comparison of AMACR Expression Using
AQUA versus Standard Pathology Review

As schematically demonstrated in Figure 2, AQUA can
identify prostate cancer from benign tissue in a TMA
sample (0.6 mm diameter) (Figure 3; A to C). Using DAPI

staining, all nucleated cells in both the stroma and epi-
thelial compartments are identified (Figure 3A). The cy-
tokeratin-positive compartment identifies all epithelial
cells (Figure 3B) and Cy-5 expression (red) demonstrates
the area of AMACR expression (Figure 3C). The staining
area and intensity of each compartment can be calcu-
lated. The AMACR-positive area, which overlaps with the
cytokeratin mask, is equivalent to the prostate cancer
compartment. AMACR (p504s) protein expression as de-
termined by standard pathology review using immuno-
histochemistry is presented in Figure 3D. The expression
of AMACR (p504s) was determined using the prostate
cancer progression TMA. Expression was scored as neg-
ative (score � 1), weak (score � 2), moderate (score �
3), and strong (score � 4). The results for each tissue
type is presented as error bars of AMACR (p504s) protein
expression with 95% confidence intervals. AQUA evalu-
ation of AMACR expression using the prostate cancer
progression TMA at two antibody concentrations is pre-
sented in Figure 3E. AQUA measured similar AMACR
protein expression levels for the different tissue catego-
ries [ie, benign, localized prostate cancer (PCa), meta-
static prostate cancer to regional lymph nodes (Mets),
and distant hormone-refractory metastatic prostate can-
cer (HR Mets)] at standard antibody concentrations (1:
25) and at a concentration that would not be visible using
standard immunohistochemistry (1:250). The intensity is
corrected for area for each TMA spot and measured
using arbitrary units. The error bars demonstrate that
within 95% confidence intervals, benign prostate tissue
does not score greater than 10 units. AMACR protein
expression as determined by AQUA is presented as a
histogram in Figure 3F. Using the arbitrary unit, this his-
togram demonstrates a relatively normal distribution of
AMACR protein expression using samples from the pros-
tate progression TMA. This demonstrates the ability of the
AQUA system to give a continuous read-out of protein
expression. Variable AMACR protein expression is ap-
preciated by presenting the individual staining intensities
for each sample based on tissue category (Figure 3G).
Although AMACR protein expression for the clinically
localized prostate tumors is significantly higher than the
population of benign samples, AMACR expression is still
observed in benign tissues and can also be found to be
low in other categories.

Although AMACR protein expression for the clinically
localized prostate tumors is significantly higher than the
population of benign samples, AMACR expression is still
observed in benign tissues and can also be found to be
low in other tissue categories. For example, as has been
previously reported, AMACR expression is decreased in
a subset of metastatic samples.10,13 Variability within the
clinically localized prostate cancers demonstrates that
some cases have weak AMACR expression.

Recent work by Zhou and colleagues19 report a de-
crease in AMACR expression in a subtype of acinar
prostate cancers referred to as foamy gland cancers. To
confirm that the variability seen on the prostate progres-
sion TMA was associated with previously described vari-
ability, we created a focused TMA composed of prostate
cancers with foamy gland features. Both the standard

Table 1. AMACR (p504s) Protein Expression by Standard
Immunohistochemical Analysis by Pathologist

Tissue type n Mean SE

95% CI

Lower
bound

Upper
bound

Benign 48 1.29 0.079 1.13 1.45
Clinically localized Pca 66 3.14 0.114 2.91 3.36
Hormone-naı̈ve mets 36 2.86 0.165 2.53 3.2
Hormone-refractory

mets
36 2.28 0.198 1.88 2.68

Mets, metastatic tumor; CI, confidence intervals.

Table 2. AMACR (p504s) Protein Expression by AQUA
Analysis (1:25 Dilution)

Tissue Type n Mean SE

95% CI

Lower
bound

Upper
bound

Benign 48 7.3 0.62 6.1 8.6
Clinically localized Pca 63 21.6 1.69 18.3 25
Hormone-naı̈ve Pca 36 13.7 1.25 11.2 16.3
Hormone-refractory Pca 35 13.5 1.8 9.8 17.2
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acinar tumors and the foamy gland subcomponent were
represented on the TMA. As presented in Figure 4A, after
normalization the AQUA Z-score for AMACR (p504s) ex-
pression in foamy gland prostate cancer is weaker com-
pared to the more typical prostatic adenocarcinoma.
However, the expression is significantly higher than be-
nign samples as demonstrated by the nonoverlapping
error bars with 95% confidence intervals (Figure 4A).

Finally, ROC curves were plotted to evaluate the spec-
ificity and sensitivity of using AMACR as measured by the
AQUA system to detect prostate cancer in an unsuper-
vised manner (ie, without a pathologist’s review). Includ-
ing all localized prostate cancer cases (ie, acinar and
foamy gland), the area under the curve was 0.844 (P �
0.00001; 95% CI, 0.79 to 0.90). By excluding the foamy
gland tumors and evaluating only classic acinar tumors
from cases with a range of Gleason scores from 6 to 9,
the area under the curve was 0.90 (P � 0.00001; 95% CI,
0.84 to 0.95). The ROC plot is presented in Figure 4B.
Therefore an AQUA Z-score of �0.30 is associated with
81% sensitivity and 87% specificity; an AQUA Z-score of
�0.50 is associated with 88% sensitivity and 75% spec-
ificity; and an AQUA Z-score of �0.70 has a sensitivity of
94% and specificity of 53%. For an AQUA Z-score of
�0.30, 91% of the 70 samples classified as prostate
cancer are correctly classified without the intervention of
a pathologist reviewing the TMA slide.

Discussion

AMACR protein expression is developing as an important
prostate cancer biomarker. Since its identification by sev-
eral groups,12,13,17 AMACR is gaining acceptance as a
tool in the clinical diagnosis of prostate cancer biop-
sies.8,12–15 Although to date there is no evidence that
AMACR plays a causative role in the development of

prostate cancer, it is emerging as a useful marker of
prostate cancer. For example in work performed by our
group, a measurable AMACR humoral response is de-
tected in men with prostate cancer (unpublished obser-
vations). This suggests that AMACR may become a clin-
ically useful serum test. We have also recently observed
that AMACR enzymatic activity can be detected in fresh
biopsy samples, suggesting a means of screening for
positive biopsies in the urologist’s office during ultra-
sound-guided needle biopsy to detect cancer (unpub-
lished observations). Several groups recognized that
AMACR is expressed in the precursor lesion to prostate
cancer, high-grade PIN.12,13,16 However, we have ob-
served that even in areas suggestive of low-grade PIN
and histologically benign prostate tissue, AMACR ex-
pression may be observed. This potential harbinger ef-
fect may prove to be a useful way to measure the earliest
alterations associated with prostate cancer development.
How would we be able to assess these changes? Cur-
rently, standard pathology is limited to morphological
alterations such as PIN. However, the incorporation of
biomarkers into clinical trials as measures of endpoints
may prove to be more reliable as rare morphological
events such as PIN are often missed in needle biopsies.
The AQUA system might represent a useful way of
measuring these events that cannot be distinguished
by the trained pathologist. As demonstrated in this study,
AMACR could be detected at significantly lower levels
than standard light microscopy. AMACR protein expres-
sion is detectable at 1:25 dilutions using standard immu-
nohistochemistry. Concentrations of 1:50 are weak and
give inconsistent protein expression in prostate cancer
samples. No detectable signal was observed using con-
centrations of 1:100 and higher dilutions. The AQUA sys-
tem was able to detect AMACR at 1:250 concentrations.
Moreover, AMACR could be measured in a continuous

Figure 4. Evaluation of normalized AMACR-AQUA scores and ability to predict the presence of prostate cancer. The AQUA results were normalized creating an
AMACR AQUA Z-score (left). Expression results demonstrate measurable levels of AMACR in the foamy gland tumor population that are statistically significantly
higher than the benign prostate tissue population as demonstrated by nonoverlapping error bars with 95% confidence intervals. A ROC plot demonstrates the
sensitivity and specificity of using an AMACR AQUA Z-score to diagnose prostate cancer in an unsupervised manner (ie, without previous review by a pathologist)
(right). The area under the ROC curve is 0.90 (P � 0.00001; 95% CI, 0.84 to 0.95). An area under the curve of 1.00 represents perfect discrimination of the test
to predict prostate cancer and 0.50 no discriminatory power.
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manner. We are currently trying to quantify this wide
range of expression to be able to determine expression
based on the number of protein molecules. Work that is in
progress is measuring HER2 levels in breast cancer us-
ing AQUA on a series of cell lines that have widely vari-
able levels of expression, from a few hundred molecules
to more than a million per cell. Preliminary evidence
suggests we cover �2 logs but can cover 4 logs with two
exposure times. This is considerably better that standard
interpretation of immunohistochemistry stains, which are
linear although �1 log of expression and tend to use
nominal categories such as negative, weak, moderate,
and strong to describe the expression of tissue biomarkers.

We also analyzed an intriguing subtype of localized
prostate cancers, the foamy gland variant that has been
reported to be associated with more aggressive prostate
cancer despite its bland light microscopic appear-
ance.24,25 Although not the major focus of this study, we
wanted to determine whether the foamy gland compo-
nents, which by standard AMACR immunohistochemistry
have the lowest expression of any of the localized pros-
tate cancer studies thus to date, could be measured by
the AQUA system. The expression of AMACR in the
foamy gland variant was significantly higher than benign
prostate tissue but lower than clinically localized prostate
cancer. Interestingly, AMACR expression has been pre-
viously shown to be up-regulated very early in the neo-
plastic process with expression seen in high-grade
PIN.12,13,16

This study also points to the potential use of AMACR as
a marker to distinguish benign prostate tissue from neo-
plastic tissues using the AQUA system for biomarker
screening. This would represent a significant improve-
ment in the throughput of prostate cancer biomarker
evaluation. One concern is that because of the variable
expression of AMACR in prostate tumors as seen with the
foamy gland variant and the metastatic tumors, AMACR
would not have sufficient discriminatory ability. However,
as demonstrated in the ROC plot, the ability to use
AMACR AQUA Z-scores to discriminate prostate cancers
from benign tissue is highly feasible with an area under of
the curve of 0.90. Therefore by determining an ideal
threshold, the AMACR expression can be used to screen
other prostate cancer biomarkers in an unsupervised
manner. For example, if one wanted to determine the
range of p27 expression in a large number of prostate
cancer samples, the expression of AMACR in the same
TMA samples would provide sufficient information to dis-
tinguish benign and tumors samples. Performing this pro-
cess on a large number of biomarkers would represent
an excellent strategy to perform early phase analysis of
prostate tissue biomarkers. In this preliminary study, we
determined that by using an AMACR AQUA Z-score of
�0.3, one could select 91 prostate cancers from 100
samples. Although this would clearly not be acceptable
in a clinical practice, this would be suitable for automated
screening of multiple prostate cancer biomarkers. An-
other potential limitation is that both PIN and prostate
cancer express AMACR, however for the purpose of
screening biomarkers in a high-throughput manner, high-
grade PIN would be a relatively rare event that should not

pose a large problem in interpreting the data provided
that enough samples were used for the analysis. Alterna-
tively, use of a basal cell marker such a p63 in combina-
tion with AMACR as previously described by Luo and
colleagues,12 might further improve the discriminatory
ability of using the AQUA system to automate prostate
cancer biomarker analysis.

Although this work concentrated on prostate cancer,
AMACR is known to be expressed in other tissues including
colon cancer.10,11 Therefore, this type of analysis using
AMACR is not limited to prostate cancer. Other strategies
may be useful for other tumor types with the goal of auto-
mating the evaluation of tissue-based biomarkers.

In summary, we demonstrate that the AQUA system
can perform continuous measurements of AMACR in a
large range of prostate tissue samples. Expression was
found at low antibody concentrations because of the use
of more sensitive and quantitative detection methods.
Continuous measurements confirmed previous observa-
tions that some types of prostate tumors have a decrease
in AMACR expression including foamy gland tumors and
metastatic prostate tumors. This study also suggests that
AMACR may also be a useful means of distinguishing
prostate cancer from benign samples in an automated
manner for use in the unsupervised evaluation of prostate
cancer biomarkers.
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