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Abstract
The impact of high-resolution magic angle spinning (HR-MAS) spectroscopy on the histopathologic
and mRNA integrity of human prostate tissues was evaluated. Forty prostate tissues were harvested
at transrectal ultrasound (TRUS) guided biopsy (n =20) or radical prostatectomy surgery (n =20),
snap-frozen on dry ice, and stored at −80°C until use. Twenty-one samples (n =11 biopsy, n =10
surgical) underwent HR-MAS spectroscopy prior to histopathologic and cDNA microarray analysis,
while 19 control samples (n =9 biopsy, n =10 surgical) underwent only histopathologic and
microarray analysis. Frozen tissues were sectioned at 14-μm intervals and placed on individual
histopathology slides. Every 8th slide was stained with hematoxylin and eosin (H&E) and used to
target areas of predominantly epithelial tissue on the remaining slides for mRNA integrity and cDNA
microarray analysis. Histopathologic integrity was graded from 1 (best) to 5 (worst) by two ‘blinded’
pathologists. Histopathologic integrity scores were not significantly different for post-surgical tissues
(HR-MAS vs controls); however, one pathologist’s scores were significantly lower for biopsy tissues
following HR-MAS while the other pathologist’s scores were not. mRNA integrity assays were
performed using an Agilent 2100 Bioanalyzer and the electrophoretic traces were scored with an
RNA integrity number (RIN) from 1 (degraded) to 10 (intact). RIN scores were not significantly
different for surgical tissues, but were significantly lower for biopsy tissues following HR-MAS
spectroscopy. The isolated mRNA then underwent two rounds of amplification, conversion to cDNA,
coupling to Cy3 and Cy5 dyes, microarray hybridization, imaging, and analysis. Significance analysis
of microarrays (SAM) identified no significantly over- or under-expressed genes, including 14
housekeeping genes, between HR-MAS and control samples of surgical and biopsy tissues (5% false
discovery rate). This study demonstrates that histopathologic and genetic microarray analysis can be
successfully performed on prostate surgical and biopsy tissues following HR-MAS analysis;
however, biopsy tissues are more fragile than surgical tissues.
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INTRODUCTION
High resolution magic angle spinning (HR-MAS) spectroscopy is an emerging nuclear
magnetic resonance (NMR) technique for the metabolic analysis of intact tissues. Historically,
NMR studies of tissue metabolism were often performed on extracts because the spectral
resolution is inherently better in the liquid vs solid state. By spinning the sample at moderate
spin rates and at a specific angle (54.7°), HR-MAS spectroscopy reduces spectral broadness
due to restricted molecular motion and approaches the resolution observed in liquids. Because
HR-MAS spectroscopy is applied to intact tissue, the same sample can undergo subsequent
histopathologic (1–4), genetic (5–7), and/or other analyses (8,9). There is much interest in
correlating metabolic patterns with histopathologic (Gleason score) and immunohistochemical
markers (e.g. Ki67) of prostate cancer aggressiveness (3,4). Gene expression data obtained
from cDNA microarrays or reverse transcription polymerase chain reaction (RT-PCR) assays
could provide important insight into the underlying mechanisms resulting in altered citrate
(3,4,10,11), zinc (12), polyamine (2–4,13), lactate (14), and phospholipid metabolism (15–
17) observed in prostate cancer. This information could then be used to better understand the
complex metabolic changes observed clinically in vivo and help clinicians distinguish between
indolent (18) and aggressive (19) prostate cancers.

Recent HR-MAS studies from our group have focused on both post-surgical and transrectal
ultrasound (TRUS) guided biopsy tissues and each has advantages and disadvantages (3,4,
14,16). Post-surgical prostate tissues can typically be obtained in larger quantities (>100 mg
per patient), which allows for many replicate studies; however, repeated freezing and thawing
can be detrimental to the integrity of the tissue (20,21). Additionally, the ischemia time between
surgical resection and pathologic dissection varies widely (22,23). Biopsy tissues can be
harvested and frozen in seconds and provide a means to serially monitor patients after therapy
(e.g. radiation). Biopsy tissues also provide a better snap shot of in vivo metabolism and
demonstrate lower concentrations of lactate, alanine, and free choline than surgical tissues
(14). However, biopsy samples are very small (<10 mg) and often contain contaminants from
periprostatic lipids and topical analgesics (14). Furthermore, only a few research biopsies can
be acquired per patient and they are potentially more heterogeneous than surgical tissues
because they linearly sample the prostate and can be up to 2 cm in length.

Much research effort has focused on optimizing experimental conditions for HR-MAS analysis
of tissue. Because the samples are analyzed unfrozen, they are subject to various enzymatic
degradation processes (4,16). To minimize degradation, HR-MAS experiments are typically
performed at 1–4°C in tissue (4,24,25). Investigators have reported differences in the HR-MAS
spectra of fresh and previously frozen prostate and kidney tissue (20,26). However, in practice,
tissues are usually frozen upon harvesting and the metabolic and pathologic artifacts from the
initial freezing cannot be removed. The spin rates used for HR-MAS spectroscopy can also
impact the tissue integrity and a number of slower spin rate experiments have been proposed
(25,27,28). However, slower spinning techniques have not been universally adopted and a
survey of recent studies shows spin rates ranging from 2,250 to 5,000 Hz (4,24,29–31).
Moreover, the impact of these degradation processes on tissue integrity depends on the amount
of time in the spectrometer. Therefore, the data should be acquired as quickly and efficiently
as possible. The purpose of this study was to quantitatively assess the impact of HR-MAS
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spectroscopy on the histopathologic and mRNA integrity of post-surgical and biopsy tissues
under routine experimental conditions.

EXPERIMENTAL
Patient population and tissue harvesting

This study was approved by our institutional review board and informed written consent was
obtained from all patients. Forty prostate tissues were harvested from 22 previously untreated
patients (mean age of patients: 62.4 years) at the time of transrectal ultrasound (TRUS) guided
biopsy (n =20) or radical prostatectomy surgery (n =20). All surgical patients had biopsy-
proven prostate cancer (Gleason score range: G3 +3 to G4 +5); however, all samples used in
this study were pathologically benign and were collected distantly from the region of cancer.
The biopsy tissues used in this study were obtained from patients who had negative clinical
biopsies. At tissue harvesting, samples were placed in cryogenic storage vials, snap frozen on
dry ice, and stored at −80°C until use. Twenty-one tissue samples (n =11 biopsy, n =10 surgical)
underwent HR-MAS spectroscopy prior to histopathologic and genetic analysis, while 19
control samples underwent histopathologic and genetic analysis without HR-MAS
spectroscopy.

HR-MAS Spectroscopy
HR-MAS spectroscopy data were acquired at 11.7 T (500 MHz for 1H), 1°C, and a 2,250 Hz
spin rate using a Varian INOVA NMR spectrometer equipped with a 4 mm gHX nanoprobe
(Varian, Inc., Palo Alto, CA) and processed using ACD/Labs 1D NMR processor (Version 9,
ACD Labs, Toronto, Canada). Tissue samples were analyzed inside custom designed 20 or 35
μl volume leak-proof zirconium rotors. The rotors used and the specific system requirements
for obtaining cold dry air were previously described in detail (4). At sample preparation, 3.0
μl of deuterium oxide (99.9% atom D) containing 0.75 wt % 3-(trimethylsilyl)
propionic-2,2,3,3-d4 acid (D2O + TSP) (Sigma-Aldrich, St. Louis, MO) was pipetted into the
bottom of a tared rotor and weighed to 0.01 mg. For biopsy tissues, ~1 mm was cut and removed
from both sides of the core to remove periprostatic fat, while for surgical tissues a 3.5 mm
biopsy punch (Sklar Instruments, West Chester, PA) was used to excise the sample from the
bulk tissue. Tissue samples were then weighed to 0.01 mg (mean surgical wt: 13.84 ±4.25 mg,
mean biopsy wt: 5.07 ±0.95 mg) and placed inside the rotor. The rotor was carefully assembled
to avoid air bubbles, closed tightly to prevent leakage, and placed in the spectrometer for
analysis.

An automated routine was used to optimize the magnetic field homogeneity across the sample
(<10 min), after which a 1D spectrum was acquired with a 2.0 s water-suppression delay, 2.0
s acquisition time (repetition rate =4.0 s), 20 000 Hz spectral width, 40 000 complex points, 4
steady state pulses, and 64 or 128 transients (~4.5 or 9 min). Following HR-MAS analysis,
tissues were placed in cryomolds, frozen in Tissue-Tek™ optimal cutting temperature (OCT)
tissue embedding medium (Fisher Scientific, Pittsburgh, PA), and stored at −80°C until
sectioning. The mean total time from beginning sample preparation to refreezing was 28±11
min (range: 12–50 min).

Histopathology
At the time of sectioning, the control tissue samples were thawed, placed in cryomolds, and
re-frozen in OCT. The HR-MAS and control samples were then processed side by side in the
exact same manner through each step of the histopathologic, mRNA isolation, amplification,
RNA integrity and cDNA microarray hybridization protocols. Tissues were sectioned at 14
μm intervals using a Leica CM1850 cryostat (Leica Microsystems, Bannockburn, IL)
maintained at −21°C. Typically, 24 sections were placed on individual histology slides and
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every 8th slide was stained with hematoxylin and eosin (H&E) (Fisher Scientific, Pittsburgh,
PA) using a standard protocol. The remaining unstained slides were kept frozen at −80°C for
up to 48 hours prior to mRNA isolation.

Histopathologic integrity was graded by two pathologists, who each had over 12 years
experience in the interpretation of prostate histopathology, using a five-point scale (1
=excellent, 5 =poor) and allowing for half integer scores. The slides were evaluated ‘blinded’
on two separate days and the scores were then averaged. The criteria used to grade the slides
were the quality of the tissue architecture, cytology (including cell lysis and nuclear details),
the severity of freezing artifacts, and the general overall appearance of the sections, as follows:
(1) Crisp histology with minimal freezing artifacts; (2) freezing artifact present but clearly
interpretable, glandular morphology intact; (3) freezing artifact present, morphology partially
compromised but still interpretable; (4) very difficult to interpret, some cells autolyzed; (5) not
interpretable. When interpreting the slides the pathologists were asked to ignore artifacts such
as tissue folding, tangential cutting, crushing, and uneven counterstaining intensities which are
related to processing rather than tissue integrity. The pathologists also estimated the
percentages of benign glandular, benign stroma, atrophy, chronic inflammation, and cancer.
Prostatic intraepithelial neoplasia (PIN) was considered benign glandular and benign prostatic
hyperplasia (BPH) was considered either benign glandular or benign stroma depending on the
type. Samples containing any amount of cancer or PIN, or having >5% inflammation were
excluded from further analysis.

Isolation/purification of total RNA and mRNA integrity assay
The unstained slides were dehydrated in 70, 95, and 100% ethanol (~1 min each), regions of
predominantly epithelial tissue, identified from the H&E slides, were scraped into an
Eppendorf tube containing 700 μL of RLT lysis buffer (Qiagen Inc., Valencia, CA) plus 7 μl
β-mercaptoethanol (Sigma-Aldrich, St. Louis, MO), and homogenized using a tissue miser
(Fisher Scientific, Pittsburgh, PA). Total RNA was isolated using RNeasy columns (Qiagen
Inc., Valencia, CA) according to the manufacturer’s instructions, with the modification that
DNAse was used to remove DNA contamination.

The RNA integrity assays (32) were performed using a 2100 Bioanalyzer (Agilent Techologies,
Santa Clara, CA) with an RNA 6000 Pico kit and Ladder (Ambion/Applied Biosystems, Austin,
TX), according to the manufacturer’s instructions. The bioanalyzer produces an
electropherogram, which shows the distribution of RNA transcripts in the sample. In an ideal
sample, the two peaks of the ribosomal RNA 18S and 28S bands are primarily observed, while
additional peaks suggest RNA degradation and/or DNA contamination. The 2100 Bioanalyzer
Expert software program (version B.01.03.SI158) was used to assign an RNA integrity number
(RIN) from 1 to 10, with 1 =poor, 10 =excellent (33).

Statistical analysis
Histopathologic integrity and RIN scores were compared between post-surgical and biopsy
tissues, with and without HR-MAS analysis, using a Mann–Whitney U-test, assuming a
significance level of p <0.05.

RNA amplification and microarrays
One microgram of total target RNA, side by side with 1 μg of universal human reference RNA
(Stratagene, La Jolla, CA, USA), was linearly amplified through two rounds of modified in
vitro transcription (34). Amplified RNAs were converted to aminoallyl-modified cDNA and
coupled to N-hydroxysuccinimidyl esters of Cy3 and Cy5 (Amersham-Pharmacia, Piscataway,
NJ), then hybridized to a microarray slide containing 40 207 cDNAs, corresponding to 33 065
unique genes, for 12–16 h at 65°C (35). Slides were then washed and immediately scanned
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with an Axon-imager 4000B (Molecular Devices, Sunnyvale, CA) using GenePixPro3.0
software. The protocols for printing and post-processing of the arrays are available at
http://derisilab.ucsf.edu/data/microarray/.

Microarray data analysis and hierarchical clustering
Primary analysis was performed using the GenePixPro3.0 software package (Molecular
Devices, Sunnyvale, CA). Cy3-to-Cy5 ratios were determined for the individual genes along
with various quality-control parameters such as spot intensity over local background. In
addition, bad spots or areas of the array with obvious defects were manually flagged and
excluded from the subsequent analysis. Gene expression was analyzed using the program
Cluster (36) by using the average-linkage hierarchal clustering of an uncentered Pearson
correlation similarity matrix and displayed using Java TreeView (37). GenePixPro3.0 median
of ratio values from the experiment were subjected to linear normalization in NOMAD
(http://ucsf-nomad.sourceforge.net/), log-transformed (base 2), and filtered for genes where
data were present in 95% of experiments, and where the absolute value of at least one
measurement was >1. For biopsy tissues, 13 387 cDNAs (10 880 unique genes) passed filtering,
whereas for surgical tissues, 14 322 cDNAs (11 638 unique genes) passed filtering.

Significance analysis of microarrays (SAM)
After linear normalization, log (base 2) transformation, and hierarchical clustering, the
resulting cluster data table was imported into the SAM software package (38). SAM is a
statistical technique for determining whether changes in gene expression are statistically
significant. SAM software computes a two-sample t-statistic for the normalized log ratios of
gene expressions for each gene, including the following 14 housekeeping genes: hypoxanthine-
guanine phosphoribosyltransferase (HPRT), TATA-box binding protein (TBP), beta-2-
microglobulin (B2M), amino-levulinate, delta-, synthase 1 (ALAS1), succinate dehydrogenase
complex, subunit A, flavoprotein (SDHA), large ribosomal protein (LRP), cyclophilin A
(CYC), phosphoglycerokinase 1 (PGK), transferrin receptor (TfR), ATP synthase 6 (ATP6),
RNA polymerase II (RPOL2), phospholipase A2 (PLA), β-actin (BACT), and ribosomal
protein L13a (RPL13A). Groups were defined based on the comparison performed; for
example, group 1 =post-surgical tissues that underwent HR-MAS spectroscopy, and group 2
=post-surgical tissues that did not undergo HR-MAS spectroscopy. Data was censored if more
than one data value was flagged in each group to eliminate poor quality array data. SAM
thresholds the t-statistics to provide a significant gene list and provides an estimate of the false
discovery rate (the percentage of genes identified by chance alone). A relatively low false
discovery rate (FDR) of 5% was used to identify a relatively high number of significant genes
if applicable.

RESULTS
Figure 1 shows representative 1H HR-MAS spectra of benign surgical (Fig. 1a) and TRUS-
guided biopsy tissues (Fig. 1b). The major metabolites in the HR-MAS spectrum are labeled,
including choline (Cho), phosphocholine (PC), glycerophosphocholine (GPC), polyamines,
creatine, citrate, alanine, and lactate. Consistent with benign glandular prostate tissue (2–4),
both spectra show high levels of citrate and polyamines and low levels of choline containing
metabolites (Cho, PC, GPC). However, note that the levels of lactate and alanine are much
higher in the post-surgical sample (Fig. 1a) than the TRUS-guided biopsy sample (Fig. 1b)
C14). Additionally, the TRUS-guided biopsy sample contains contaminants from the local
anesthetic (Hurricaine) while the post-surgical sample does not. The resonances from these
contaminants obscure a large portion of the 1D proton spectrum; however, the choline to citrate
region is unaffected and additional metabolites of interest can be resolved using 2D
experiments (16).
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Figure 2 shows hematoxylin and eosin (H&E) stained sections and corresponding pathologic
integrity scores (shown inset) for the post-surgical and TRUS-guided biopsy samples shown
in Figure 1 and representative control samples. Table 1 summarizes the mean (± standard
deviation) histopathologic integrity scores and their respective ranges for the post-surgical and
TRUS-guided biopsies used in this study. For surgical tissues, there was no significant
difference in the histopathologic integrity scores for HR-MAS samples vs control samples. For
biopsy tissues, one pathologist scored the HR-MAS samples significantly lower (better) than
the control samples, whereas there was no significant difference in the other pathologist’s
readings. However, when the scores of the two pathologists were averaged, the difference was
not statistically significant. At pathologic evaluation, surgical tissues contained an average of
39 ±10% (range: 20–56%) glandular tissue and 61 ±10% stromal tissue (range: 44–80%).
Biopsy tissues contained an average of 35 ±11% (range: 20–80%) glandular tissue and 65
±11% (range: 20–80%) stromal tissue. Based on previous criteria (3,14) the samples all
contained sufficient amounts of glandular epithelial tissue and were metabolically active, and
therefore, considered well-suited for subsequent microarray analysis.

Figure 3 shows the electrophoretic traces and corresponding RIN scores (shown inset) for the
same HR-MAS and control samples shown in Figure 2. The 18S and 28S peaks corresponding
to the major RNA subunits are indicated in Figure 3a. As shown in Table 1, RIN scores were
not significantly different for surgical samples following HR-MAS analysis vs control samples.
RIN scores were significantly lower (more degraded) for HR-MAS biopsies vs control biopsies;
however, the mean value for the biopsy controls was very similar to those of the post-surgical
samples (HR-MAS and controls). Figure 4 shows significance analysis of microarrays (SAM)
plots for surgical (a) and biopsy (b) tissues comparing HR-MAS vs controls. The expected axis
visually presents the number of genes that would characterize HR-MAS vs non-HR-MAS
samples by chance alone using a false discovery rate (FDR) of 5%. The observed distribution
is not statistically different, and therefore, there are no reliably different genes between these
two categories, observed and expected, indicating a negative result. Therefore, there were no
significantly up-regulated or down-regulated genes, including 14 housekeeping genes, in either
group of samples.

DISCUSSION
Since its initial application (39), HR-MAS spectroscopy has become an important technique
for the study of tissue metabolism. Although NMR analyses of tissue extracts provide
complementary information, extraction procedures are time consuming, require large amounts
of tissue (≥50 mg), and are inherently destructive, thus preventing any histopathologic or
genetic analyses on the same tissue (40). Consequently, extract samples are often assumed to
contain cancer, based on the pathology of adjacent tissue, but may actually contain very little
or no cancer at all. HR-MAS spectroscopy can be performed on ≤5 mg of tissue and requires
minimal sample preparation. While quantitative histopathologic analysis has been routinely
performed on samples following HR-MAS spectroscopy (2–4), genetic microarray analysis of
the same samples has not been reported. In this study, the histopathologic and mRNA integrity
of prostate surgical and biopsy tissues was evaluated following HR-MAS spectroscopy as part
of an ongoing study to characterize metabolic and genetic changes associated with prostate
cancer presence, aggressiveness, and response to therapy (e.g. radiation).

Consistent with the mean histopathologic integrity scores reported in Table 1, all tissues
included in this study were pathologically interpretable. There were no significant differences
in histopathologic integrity for surgical HR-MAS vs control samples. One pathologist scored
the biopsy HR-MAS samples significantly lower (better) than the control biopsies. However,
the significance was marginal and when the histopathology scores of the two pathologists were
combined, the difference was no longer statistically significant. The finding that biopsy
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samples appeared to have better pathology after HR-MAS spectroscopy was performed is most
likely due to freezing artifacts dominating the pathologic quality and because biopsy tissues
are inherently more difficult to interpret than surgical tissues due to their much smaller size.
While formalin fixation and paraffin embedding (FFPE) of fresh prostate tissue is the standard
for clinical diagnosis, the use of frozen sections has also been reported (41). Because HR-MAS
spectroscopy must be performed on fresh (unfixed) tissues, the tissues must be frozen to prevent
degradation unless the spectrometer is immediately available. Previous studies from our group
have indicated that several metabolites (e.g. Cho, PC, GPC, Eth, PE, GPE) degrade or change
over time while the tissue is in the spectrometer; however, the rate of degradation can be
minimized by maintaining the samples at 1 °C (4,16). This study confirms that HR-MAS
spectroscopy has no detrimental impact on the quantitative histopathologic analysis of prostate
tissues provided that the experiments are performed as efficiently as possible and under optimal
conditions. (i.e. cold temperature and moderate spin rates).

There was no significant difference in mRNA integrity between surgical prostate tissues with
and without HR-MAS spectroscopy. However, the mRNA integrity scores for biopsy tissues
were significantly lower following HR-MAS. This is not surprising since the biopsy tissues
were much smaller than the surgical samples. Biopsy tissues are also more delicate than surgical
tissues because they are ~1 mm in diameter. Nonetheless, SAM analysis demonstrated no
significantly over or under-expressed genes for either surgical or biopsy samples following
HR-MAS analysis compared to controls. Both post-surgical (42–44) and biopsy (41,45,46)
tissues have been used in previous microarray studies of prostate tissue indicating that ischemia
is not detrimental to the RNA. However, since genetic changes are known to occur early-on
during radical prostatectomy surgery (23,47,48), caution should be used when comparing
surgical samples to biopsy samples.

Our findings are in agreement those of several other studies, which suggest that moderate
amounts of RNA degradation due to ischemia and freeze thawing processes do not adversely
affect gene expression profiles (21,22,49–53). Notably, Ohashi and co-workers reported no
loss of RNA integrity in breast tissues kept at room temperature for up to 3 h after surgery
(51). Jochumsen and co-workers reported that ovarian tissue could be frozen and thawed at
least three times without compromising the RNA integrity and genetic expression profile
(21). Therefore, the amount of time needed to perform HR-MAS spectroscopy experiments (<
1 h) and the thawing and refreezing of prostate tissues does not preclude the subsequent genetic
analysis of the same tissues.

Finally, there were a number of challenges and obstacles in this study that should be stated.
Our results only included samples that had high quality HR-MAS data, were
histopathologically benign, and underwent successful mRNA amplification, conversion to
cDNA, coupling to Cy3 and Cy5 dyes, and finally microarray hybridization, imaging, and
analysis. Several pitfalls could occur at any time during this process. First, the HR-MAS data
can be unusable due to poor resolution, poor signal to noise, or contamination by anesthetics
and/or lipids (in the case of biopsies) (14). Although HR-MAS spectra may visually appear to
be benign (high citrate and polyamines) or malignant (high choline metabolites, low citrate
and polyamines), the histopathology of the tissues is never known until they have been
sectioned and stained. Because this was a validation study, samples were not included if they
contained cancer, PIN, >5% inflammation, or an insufficient amount of glandular tissue. For
these reasons, it was not possible to use patient-matched samples in all cases in this study.
Finally, mRNA amplification and cDNA microarray analysis is a time consuming multi-step
process and is associated with a significant technical failure rate (54,55). These problems could
potentially be minimized by using commercial microarray kits.

Santos et al. Page 7

NMR Biomed. Author manuscript; available in PMC 2010 October 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In conclusion, this study demonstrates that histopathologic and cDNA microarray analysis is
feasible following HR-MAS spectroscopy of prostate tissues. The pathologic and associated
genetic heterogeneity of the benign prostate and prostate cancer warrants a direct correlation
of metabolism and mRNA obtained from the same piece of tissue. Even in the case of a single
biopsy core, there can be several different pathologies including variable amounts of benign
glandular and stromal tissue, as well as inflammation, atrophy, prostatic epithelial neoplasia
(PIN), and varying grades of cancer. However, since any manipulation of the tissue affects its
RNA integrity, the approach used in this study may not be warranted for other more
homogeneous diseases. While this study focused on benign prostatic tissues, the mechanical
impact of HR-MAS on prostate cancer tissues would be similar due to the presence of
comparable amounts of connective stroma in both tissue types. However, this may not be the
case for other types of cancers. Since beginning this work, microarray experiments have been
successfully performed using prostate cancer tissues, and those results are the subject of a
forthcoming manuscript.

Acknowledgments
Contract/grant sponsor: National Institutes of Health; contract/grant number: K01 CA096618, R01 CA102751, R01
CA101042.

Contract/grant sponsor: American Cancer Society; contract/grant number: RSG-05-241-01-CCE.

Contract/grant sponsor: University of California Discovery Grant; contract/grant number: ITL-BIO04-10148.

The authors acknowledge and thank the UCSF Center for Advanced Technology for providing the array fabrication
equipment used to produce the cDNA microarrays for this study.

Abbreviations

Cho choline

Eth ethanolamine

FID free induction decay

GPC glycerophosphocholine

GPE glycerophosphoethanolamine

H&E hematoxylin and eosin

HR-MAS high resolution magic angle spinning

OCT optimal cutting temperature

PC phosphocholine

PE phosphoethanolamine

PIN prostatic intraepithelial neoplasia

RIN RNA integrity number

RT-PCR reverse transcription polymerase chain reaction

SAM Significance Analysis of Microarrays

TRUS transrectal ultrasound

TSP 3-(trimethylsilyl) propionic-2,2, 3,3-d4 acid
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Figure 1.
1H HR-MAS spectra of benign post-surgical (a) and TRUS-guided biopsy (b) prostate tissues.
The major prostate metabolites are indicated. Benign prostate tissues demonstrate high levels
of citrate and polyamines and low levels of choline containing metabolites (Cho, PC, GPC).
Biopsy tissues contain significantly lower levels of lactate and alanine than surgical tissues,
but may contain contaminants from topical anesthetics.
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Figure 2.
Hematoxylin and eosin (H&E) sections from the HR-MAS (a) and control (b) post-surgical
tissues and HR-MAS (c) and control (d) TRUS-guided biopsy tissues. The HR-MAS samples
(a and c) are the same as shown in Figure 1.
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Figure 3.
Electrophoretic traces and corresponding RIN scores (shown inset) for the same HR-MAS and
control samples shown in Figure 2. The 18S and 28S peaks are indicated in Figure 3a.
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Figure 4.
Significance analysis of microarray (SAM) plots for surgical (a) and biopsy (b) tissues (HR-
MAS vs control, 5% false discovery rate). The observed axis shows the normalized median
Cy3 to Cy5 ratios across all microarrays for each cDNA that passed filtering (surgical: 14 322
cDNAs; biopsy: 13 387 cDNAs), while the expected axis visually presents the number of genes
that would characterize HR-MAS vs control samples by chance alone.
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Table 1

Histopathologic integrity and RNA integrity number (RIN) scores of prostate surgical and biopsy tissues
following HR-MAS spectroscopy vs controls

Pathologist 1 Pathologist 2 Path Average RIN score

Surgical tissues

HR-MAS 2.90 ±0.99 2.65 ±0.64 2.78 ±0.76 6.40 ±1.15

Range 1.0–4.0 2.0–4.0 1.0–4.0 4.1–7.7

Controls 2.50 ±0.85 2.33 ±0.69 2.41 ±0.68 6.77 ±1.04

Range 1.0–4.0 1.75–4.0 1.0–4.0 5.1–8.4

p-value 0.326 0.140 0.151 0.521

Biopsy tissues

HR-MAS 2.68 ±0.78 2.61 ±0.49 2.65 ±0.38 4.84 ±0.84

Range 1.0–4.0 2.0–3.0 1.0–4.0 3.7–6.5

Controls 3.46 ±0.82 2.78 ±1.06 3.12 ±0.84 6.31 ±0.94

Range 2.0–4.5 1.25–5.0 1.25–5.0 4.8–7.4

p-value 0.048 0.732 0.053 0.002
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