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Abstract
BACKGROUND—Formalin fixation and paraffin embedding (FFPE) is the standard practice to
process surgical specimens in preparation for pathological evaluation. The FFPE procedure is
known to introduce adverse effects on RNA quality and the ensuing RNA based expression
analysis. However, the overall impact of the FFPE procedure alone on the reliability and accuracy
of expression data, without influences from additional compromising factors introduced during
long-term storage, has not been vigorously assessed.

METHODS—The quality of RNA extracted from recently processed FFPE prostate tissues was
examined. FFPE and frozen blocks were prepared from matched surgical specimens and processed
in parallel for RNA extraction, two rounds of linear RNA amplification, and genome wide
expression analysis. Expression ratios of prostate cancer versus benign prostatic hyperplasia
(BPH) were compared between data derived from the paired FFPE tissues and frozen tissues.

RESULTS—RNA extracted from recently processed FFPE prostate tissues was of high quality
and suitable for RNA expression analysis. An unbiased analysis of expression data revealed nearly
80% concordance between FFPE tissues and frozen tissues, in genome-wide gene expression
differences of cancer vs. BPH, and across a wide spectrum of fold expression differences.

CONCLUSIONS—FFPE procedure itself does not lead to adverse effects on genome wide
expression analysis. Prospective molecular archiving or modified long-term storage conditions
should be implemented to expand the utility of FFPE tissues without compromising standard
surgical pathology routines.
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Formalin fixation and paraffin embedding (FFPE) is a standard practice to process surgical
specimens in preparation for pathological evaluation. The FFPE procedure introduces
chemical modification and cross-linking of RNA molecules through the addition of mono-
methylol (-CH2OH) to the amino groups of bases and the formation of methylene bridges
between amino groups, compromising the yield and quality of RNA extracted from such
tissues and their utility for RNA expression analysis [1]. A number of recent studies have
demonstrated and validated the general feasibility of obtaining high quality total RNA from
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a subset of FFPE tissues for a variety of RNA-based expression studies [2-6]. However, data
derived from these studies were also consistent with the general consensus that global gene
expression data derived from FFPE specimens suffered from poor quality and low detection
sensitivity when compared to frozen specimens, and the adverse effects are more
pronounced and more frequently observed in aged archival FFPE specimens. Another recent
study revealed that extended storage of FFPE blocks in currently practiced conditions (i.e.,
at room temperature), rather than the FFPE procedure itself, may have accounted for the
poor preservation of RNA in archived FFPE specimens [7,8]. Given these recent
developments, it is imperative to determine whether and to what extent the FFPE procedure
alone impacts on genome wide expression analysis, without further compromises on
preservation of RNA due to long-term storage of FFPE specimens. A rigorous interrogation
of this critical question mandates an unbiased comparison of FFPE versus frozen specimens
derived from the same original specimen and processed in parallel, and an assessment of
multiple intermediate quality control measures and genome wide expression array data
endpoints.

We first focused on the quality assessment of total RNA extracted from recently processed
(within 3 months from the time of fixation to the time of RNA extraction) FFPE tissues, and
determined whether current tissue fixation methodologies employed in our institution result
in differential RNA quality. We used the Paradise™ Reagent System (PRS) (Arcturus
Bioscience, Mountain View, CA) for RNA extraction from FFPE specimens processed using
three different formalin fixation procedures as shown in Figure 1. High quality total RNA
can be consistently extracted from FFPE tissues processed using any of the 3 formalin
fixation methods, as evidenced by the presence of 28S and 18S ribosomal RNA bands
following analysis using the Agilent 2100 Bioanalyzer (Agilent Technologies, Wilmington,
DE) (Figure 1), as well as the RNA integrity numbers that ranged from 2.0 to 5.8 for the
majority (16/17) of the samples (Figure 1).

We then focused on analyzing the impact of the FFPE procedure on the detection of global
gene expression differences between prostate cancer and benign prostatic hyperplasia
(BPH). We designed the experiments to ensure an accurate assessment of the data output as
a function of the two tissue processing methods. A pair of surgical specimens, prostate
cancer and BPH, was each divided in two, one processed for formalin fixation and paraffin
embedding (in the Surgical Pathology lab) and the other snap frozen, according to
established tissue harvesting procedures [9]. Tissue lesions of interest (i.e., prostate cancer
and BPH) were subsequently isolated following the sectioning of FFPE and frozen tissue
blocks and processed for RNA extraction, according to the manufacturer’s instructions in the
Paradise™ Reagent System (PRS) (Arcturus Biosciences) for FFPE sections, or as described
previously for frozen sections [10]. All 4 RNA samples (FFPE cancer, FFPE BPH, frozen
cancer, frozen BPH) were subjected to T7 based linear RNA amplification using the PRS
reagents (Arcturus Biosciences) for 1.5 rounds according to the manufacturer’s instructions
(Arcturus Bioscience). During the second round of amplification, a T7 based linear RNA
amplification reaction incorporated either cyanine 3-CTP or cyanine 5-CTP using the Low
RNA Input Linear Amplification Kit (Agilent Technologies). The labeled products were
purified and then quantified using the NanoDrop® Spectrophotometer (NanoDrop
Technologies, Wilmington, DE), followed by microarray analysis according to instructions
in the Agilent Whole Genome Expression Microarray system (Agilent Technologies).

We analyzed multiple intermediate quality control measures including total RNA yield,
RNA quality, amplified RNA (aRNA) yield, aRNA quality, and fluorescent dye labeling
efficiency, by parallel comparison of relevant data derived from FFPE and frozen prostate
tissues. As anticipated, the FFPE procedure resulted in a generally decreased RNA yield,
approximately one fourth of those extracted from equivalent amount of frozen tissues (data
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not shown). Also as anticipated, RNA samples extracted from the FFPE samples were
associated with decreased RNA integrity numbers (RIN at 2.2 and 2.4 for tumor and BPH,
respectively) when compared to those from frozen tissues (RIN at 7.1 and 8.0 for tumor and
BPH, respectively). However, RNA extracted from both tissue processing methods yielded
comparable amounts of amplified RNA in both the first and second rounds of amplification
when using equal amount of input RNA (not shown). The size of first round amplified RNA
derived from FFPE tissues was slightly decreased (peak at ∼500bp) when compared to
amplified RNA from frozen tissues (peak at ∼800bp), likely contributing to a lower labeling
efficiency for RNA from FFPE tissues, which was roughly half of those from frozen tissues
(not shown).

Finally we analyzed the end-point expression data derived from tissues prepared by the two
processing methods (i.e., FFPE and frozen). Using a 2-color design in which BPH and
prostate tumor were labeled using different dyes (Cye 3 or Cye 5) and directly compared in
each array experiment, we generated 8 sets of ratios (from 8 arrays), 4 replicates each for the
frozen BPH/tumor (B/T) pair and the FFPE BPH/tumor (B/T) pair. In 2 of the 4 replicates,
we performed a dye-swap to assess potential dye labeling bias. Expression ratios were
extracted from 8,650 genes meeting the single quality filtration criterion of average signal
intensity greater than 1000. We then ordered these detected genes according to median fold
expression changes between prostate cancer and BPH in the 8 arrays. As shown in Figure
2a, gene expression data derived from the FFPE B/T pair showed remarkable concordance,
both within the replicates and when compared with data derived the frozen B/T pair. As
visually evident in Figure 2a, reliable detection of expression difference in FFPE tissues can
be achieved across a wide range of fold expression changes, when compared with the frozen
tissue standard. Figure 2b summarizes the general concordance between the median (of the 4
replicates) ratio of the frozen pair and the FFPE pair. Based on 4 replicated sets of ratios
derived from the frozen pair, we estimated the variance of the median ratios for each gene at
0.043. This translates to an estimation of 1.29-fold deviation from the median ratio at the
99% confidence interval. In other words, if another 4 sets of ratios were to be derived from
the same frozen pair, we expect 99% of the genes would deviate from the median ratio by
less than 1.29-fold (i.e., within the red lines, Figure 2b). By plotting the median ratios from
the FFPE pair against the median ratios from the frozen pair (Figure 2b), 20.6% of the 8650
genes showed significant deviation (greater than 1.29-fold) from what would be expected if
the ratios from FFPE pair were true replicates of the frozen pair. Therefore, expression
profiling using FFPE tissues resulted in a 20.6% drop-out, and thus a 79.4% concordance
rate. The correlation coefficient between expression ratios derived from FFPE and frozen
tissue was 0.813. It is worth noting that due to tissue heterogeneity, the tissue specimens for
freezing and FFPE processing were not strictly identical, and therefore biological
differences as opposed to FFPE processing could account for an unknown percentage of the
drop-outs. This high concordance between expression data derived from the two tissue
processing methods was further illustrated by parallel comparison of top ranked genes (by
fold expression change), as shown in Figure 2c (genes overexpressed in prostate cancer
relative to BPH), and Figure 2d (genes underexpressed in prostate cancer relative to BPH).
Moreover, the majority of these top genes that were ranked by averaged values of 8 sets of
ratios (Supplemental Figure 1), as well as genes ranked by averaged values of 4 sets of ratios
from frozen tissues (Supplemental Figure 2), or by averaged values of 4 sets of ratios from
FFPE tissues (Supplemental Figure 3), were validated in an independent data set we
previously described (11).

In this study, we assessed the overall impact of the FFPE procedure on RNA quality and
genome-wide mRNA expression analysis, by using recently processed FFPE tissues and
through comparison with frozen tissues processed in parallel. Our results demonstrate that
when additional compromising factors introduced during long-term storage of the FFPE
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specimens were minimized, FFPE specimens should be compatible with routine RNA based
microarary analysis using T7 based linear RNA amplification. These results have important
implications regarding the utility of FFPE specimens for high quality molecular analysis.
First, surgical specimens not amenable to harvesting by snap freezing procedures, such as
small volume prostate cancer or biopsies, can be analyzed using expression microarrays
following extraction of RNA from standard FFPE sections. Second, tissue lesions that
require the FFPE procedure for reliable diagnosis, such as high-grade prostatic
intraepithelial neoplasia, can be utilized for subsequent expression analysis. Lastly, since
revised processing and storage conditions for FFPE specimens may reduce the negative
impact of long-term storage on RNA quality [7,8,12,13], we propose prospective archiving,
which would involve storage of punched FFPE tissues in reduced temperature, or storage of
RNA, extracted shortly after the FFPE procedure, to allow for future molecular profiling
without compromising current surgical pathology routines.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Gel image of 17 samples dissected from FFPE specimens prepared using 3 different
formalin fixation methods employed in Surgical Pathology lab at Johns Hopkins University.
Harvested: tissue slices were processed for FFPE after standard tissue harvesting procedure
[9], during which areas of cancer were cut in duplicate for fresh-freezing and FFPE
processing in the surgical pathology lab; Pinned: tissue slices were processed for FFPE after
punch cores of cancer tissue were taken while pinned down; Injected: whole prostate
fixation by formalin injection and microwaving. A total of 9 cases, 8 of which with two
(denoted by “.1” and “.2” following the case number) sections taken from different parts of
the specimen, were subjected to RNA extraction. RNA integrity numbers associated with
each sample were provided below the corresponding electropherogram. One section for
samples no. 2 peeled off during processing.
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Figure 2.
Reliability of whole genome expression differences detected using FFPE tissues. a. Heatmap
of the 8650 genes ranked (in ascending order) based on median fold expression change
between BPH and prostate cancer. Each column represents one of the 8 ratios derived from
the annotated comparisons. b. Scatter plot of median expression ratios from FFPE tissues
against median ratios from frozen tissues. Red lines denote the expected 1.29-fold deviation
at p<0.01. c. Parallel comparison (FFPE vs. frozen) of top ranked genes over-expressed in
prostate cancer vs. BPH. d. Parallel comparison (FFPE vs. frozen) of top 25 genes over-
expressed in BPH vs. prostate cancer.
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