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Formalin-fixed, paraffin-embedded tissues are an in-
valuable tool for biomarker discovery and validation. As
these archived specimens are not always compatible
with modern genomic techniques such as gene expres-
sion arrays, we assessed the use of microRNA (miRNA) as
an alternative means for the reliable molecular charac-
terization of formalin-fixed, paraffin-embedded tissues.
Expression profiling using two different microarray
platforms and multiple mouse and human formalin-
fixed, paraffin-embedded tissue types resulted in the
correlation ratios of miRNA expression levels between
frozen and fixed tissue pairs ranging from 0.82 to 0.99,
depending on the cellular heterogeneity of the tissue
type. The same miRNAs were identified as differentially
expressed between tissues using both fixed and frozen
specimens. While formalin fixation time had only mar-
ginal effects on microarray performance, extended stor-
age times for tissue blocks (up to 11 years) resulted in a
gradual loss of detection of miRNAs expressed at low lev-
els. Method reproducibility and accuracy were also evalu-
ated in two different tissues stored for different lengths of
time. The technical variation between full process repli-
cates, including independent RNA isolation methods, was
approximately 5%, and the correlation of expression lev-
els between microarray and real-time quantitative reverse
transcriptase polymerase chain reaction was 0.98. To-
gether, these data demonstrate that miRNA expression
profiling is an accurate and robust method for the molec-
ular analysis of archived clinical specimens, potentially
extending the use of miRNAs as new diagnostic, prognos-
tic, and treatment response biomarkers. (J Mol Diagn
2008, 10:415—423; DOI: 10.2353/jmoldx.2008.080018)

Microarray technology is a powerful approach that en-
ables high-throughput and cost-efficient comparative
analyses of global gene expression in normal and neo-
plastic tissues. Microarrays targeting DNA and mRNA
have been used in classification of tumors, prediction of
patients’ response to chemotherapy, and for the discov-
ery of new diagnostic, prognostic, and treatment re-
sponse biomarkers.'® The potential of this technology is
being realized in clinical applications with the recent
introduction of the first microarray-based gene expres-
sion signature assay, MammaPrint, which uses a 70-gene
signature with hundreds of control genes to predict the
risk of distant metastases in breast cancer patients.®
While microarray technology has proven to be reproduc-
ible in a series of technical studies,® before a microarray
signature becomes a part of routine clinical practice, its
utility must be validated using a large number of samples
with known clinical outcomes, medical history, and his-
topathological findings. This large-scale analysis could
be accomplished through accessing the wealth of human
tissues that have been archived through the years as formalin-
fixed, paraffin-embedded (FFPE) specimens. The formalin fix-
ation process allows for permanent preservation of the archi-
tecture of tissues in optimal histological condition and easy
long-term storage. Unfortunately, this process also compro-
mises the yield, quality and integrity of nucleic acids through
enzymatic and chemical degradation, extensive cross-linking
with proteins and various chemical modifications.”® mRNA
species are particularly affected with one study estimating that
only 3% of the mRNA population from FFPE tissues is acces-
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sible for quantitative reverse transcriptase polymerase chain
reaction (qQRT-PCR) analysis.®

Expression of various microRNAs (miRNAs) has been
reported to be differentially altered across a variety of
tumor types, suggesting their direct involvement in onco-
genesis.'®'2 mRNAs are small (19 to 24 nucleotides)
regulatory RNA molecules, which, due to their size, are
potentially more robust to FFPE-dependent degradation
than mRNAs. Therefore miRNAs could become viable
alternative analytes for expression profiling using FFPE
tissues. Many research groups have been working to-
ward enabling the use of microarray technology for
miRNA expression studies. Novel labeling protocols have
been developed to decrease the amount of required
starting material, streamline the procedure, and improve
the steps that can lead to quantitative bias.' ' Modified
microarray probes, such as locked nucleic acid chemis-
try, have also been introduced in an attempt to improve
sensitivity and specificity and to allow detection of miR-
NAs differing by only one nucleotide.' Using this plat-
form, Xi et al recently reported that correlations of expres-
sion profiles between fixed and frozen mouse liver samples
are higher with miRNAs than with mRNAs.'® The same
authors also showed that miRNAs can efficiently be de-
tected by gRT-PCR in archived colorectal cancer speci-
mens up to 10 years old, suggesting that miRNAs are better
analytes for expression analyses in archived samples.

In this study, we performed a thorough analysis of
miRNA expression profiles in FFPE specimens using mul-
tiple tissue types and two different microarray profiling
methods based on standard DNA probe chemistry. Initial
evaluation using mouse brain, stomach, small intestine
and kidney tissues indicated that the identity and quantity
of miRNAs recovered from FFPE blocks are highly corre-
lated to paired frozen samples. Human myometrium, B-
cell lymphoma and colonic mucosa specimens also
showed nearly identical miRNA profiles when flash-frozen
tissues were compared with paired FFPE tissues fixed for 6 or
24 hours. FFPE blocks 1 to 3 years old showed highly com-
parable miRNA expression patterns, while detection of low-
abundance miRNAs was reduced in tissue blocks stored for 7
years or longer. Our study also demonstrates that differential
miRNA expression profiles as well as the magnitude of
these differences are preserved in FFPE tissues and are
very closely correlated with matched frozen samples.
Finally, we show that the miRNA microarray method is re-
producible and generates data highly concordant with real-
time gRT-PCR. We conclude that miRNA microarray ex-
pression profiling and gRT-PCR are suitable platforms for
retrospective molecular analysis and characterization of ar-
chived clinical samples provided that appropriate RNA iso-
lation and microarray methodologies are used.

Materials and Methods

Tissue Samples

All human samples used in this study were collected as
part of standard clinical care and were considered to be
residual materials unnecessary for patient treatment. Pa-

tient identifiers were thoroughly removed from all sam-
ples before processing. Human normal liver tissue adja-
cent to tumor tissue (NAT) and normal spleen tissue were
acquired from commercial suppliers by Asuragen’s Tis-
sue Acquisition Group in compliance with the regulations
as outlined in Title 45 of the Code of Federal Regulations
Part 46 and other regulatory guidance. Normal myome-
trium, small B-cell lymphoma, colonic mucosa, and colo-
rectal carcinoma were surgically obtained from two do-
nors for each tissue type by the Tissue Procurement
Services at Ohio State University Medical Center, Colum-
bus, OH. All of the specimens were collected within 4 weeks
and processed within 30 minutes of surgical resection.
Each specimen was divided into three 500-mg (5 cm?®)
pieces, one immediately snap-frozen in a cryovial using liquid
nitrogen, and the remaining two pieces were fixed in 10%
neutral-buffered formalin for 6 or 24 hours. Tissue sections
from each block were stained with hematoxylin and eosin for
verification of expected tissue type. Tissue sections at 20-um
thickness were used for isolation of total RNA. Detailed char-
acteristics of each block, including pathology reports, can be
found in Supplemental Table 1 at htto:// jmd.amjpathol.org.
FFPE tissue was stored at ambient room temperature and
frozen tissue was stored at —80°C. Archived FFPE specimens
of myometrium stored from 7 to 11 years were also used for
additional studies.

Surplus white mice (Harlan Sprague Dawley Inc., India-
napolis, IN) were humanely euthanized and the collected
brain, stomach, small intestine, and kidney tissues were
split into two halves. One half was immediately flash-frozen
in liquid nitrogen and stored at —80°C, while the remaining
half was placed in formalin (10% neutral-buffered formalin)
and remained at room temperature for 6 hours. Fixed tis-
sues were processed using standard histology techniques,
embedded in paraffin, and stored at room temperature.

Total RNA [solation

Total RNA from mouse and human FFPE tissues was iso-
lated using RecoverAll Total Nucleic Acid Isolation Kit for
FFPE Tissues (Ambion, Applied Biosciences, Austin, TX)
according to the manufacturer’s instructions. Total RNA
from frozen tissues was extracted using mirVana miRNA
Isolation Kit (Ambion) following the manufacturer’s protocol.

Concentration and purity of total RNA samples were
measured using the NanoDrop ND3.0 spectrophotome-
ter (NanoDrop Technologies Inc, Wilmington, DE). RNA
integrity was assessed with the Agilent 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, CA) and the RNA 6000
LabChip kit (Agilent Technologies).

mIiRNA Expression Profiling

miRNA expression profiling of all mouse tissues was per-
formed using a two-color microarray platform. Each test
sample was compared against a unique reference sam-
ple, as described previously.' Expression profiling of
human myometrium, B-cell lymphoma, and colonic mu-
cosa was performed as described previously by labeling
10 wg of total RNA with Cy5 fluorescent dye and hybrid-



izing to one-color mirVana miRNA Bioarrays v1 contain-
ing 377 unique MiRNA probes printed in duplicate (Am-
bion)."® Expression profiling of human liver NAT and
spleen was performed as described above using 4 pg of
total RNA and mirVana miRNA Bioarrays v2 platform (Am-
bion) containing a total of 662 unique MiRNA probes
printed in duplicate. The raw array data were normalized
using the variance stabilization method.'®

The microarray expression levels of selected miRNA
species in liver NAT and spleen tissue blocks were con-
firmed via gRT-PCR using 10 ng of total RNA input and
TagMan microRNA assays (Applied Biosystems, Foster
City, CA) as described.™®

Results

Mouse Model Analysis

To assess the compatibility of FFPE samples with miRNA
expression profiling, we first evaluated the correlation be-
tween expression profiles obtained from matched frozen
and FFPE samples prepared from four different mouse tis-
sues: brain, stomach, small intestine, and kidney. Four bio-
logical replicates of frozen and FFPE tissue pairs were
prepared from four different mice, processed using a two-
color microarray platform, and normalized as described
previously.'” The normalized expression data for each of
the 191 miRNAs interrogated can be found in Supplemental
Table 2 at http.//j/md.amjpathol.org. Unsupervised hierarchi-
cal clustering showed that miRNA expression profiles from
FFPE samples are very similar to those obtained from frozen
samples (Figure 1A). All samples derived from the same
tissue, regardless of the preservation method, clustered
together and away from samples from other tissue types.

The Pearson correlation coefficients for miRNA expres-
sion levels in each FFPE and frozen tissue pairs varied
from 0.82 to 0.97 (Table 1). This correlation was above
0.91 for all tissue types when using the mean expression
levels from the four biological replicates (Table 1). Further-
more, the same miRNAs were found differentially expressed
between mouse tissues using either frozen or fixed sam-
ples. For tissues in which miRNA expression profiles were
very different (eg, brain and kidney) the correlation of dif-
ferential expression between FFPE and frozen tissue sets
was >0.95 (Figure 1B). Even for tissues with very similar
miRNA expression patterns, such as small intestine and
stomach, the correlation of differential expression was still
high (0.90; Figure 1C) and the same five miRNAs were
found differentially expressed using either FFPE or frozen
tissues (MiR-192, -194, -203, -205 and -215; Figure 1C; see
also Supplemental Table 2 at http.//jmd.amjpathol.org).
Overall these experiments indicate that miRNAs isolated
from various recently fixed mouse tissues are compatible
with downstream miRNA expression profiling methods and
generate data similar to frozen reference tissues.

Evaluation of Human FFPE Tissue Blocks

To evaluate human specimens, we chose three tissues,
myometrium, B-cell lymphoma and colon, with very dif-
ferent cell content and tissue block features (see Supple-

miRNA Profiling in FFPE Samples 417
JMD September 2008, Vol. 10, No. 5

mental Table 1 at http://jimd.amjpathol.org). In addition,
each biological replicate from two different donors was
fixed for either 6 or 24 hours and compared with the
corresponding paired frozen sample using a single-color
microarray carrying 377 miRNA probes. Every sample
generated quality array data that were subsequently nor-
malized using the variance stabilization method (see
Supplemental Table 3 at http://jmd.amjpathol.org). Unsu-
pervised hierarchical clustering showed that the expres-
sion profiles between the frozen, fixed for 6 hours, and
fixed for 24 hours myometrium and B-cell lymphoma
tissues were nearly identical (data not shown). The Pear-
son correlation coefficients for the mean miRNA expres-
sion levels between fixed and frozen tissues were all
greater than 0.97 (Table 2). As expected for tissues with
higher heterogeneous cell content, both colon replicate
sets showed lower correlation between fixed and frozen
specimens with mean Pearson coefficient of 0.89 and
0.91 (Table 2). No significant differences were observed
between FFPE specimens fixed for 6 or 24 hours for all
three tissue types.

Further analysis of the number of miRNA probes with
signal above background showed that on average 60.3%
of the miRNA sequences represented on the array were
detected in frozen myometrium, 55% in B-cell lymphoma,
and 51.5% in colon. In FFPE samples, the number of de-
tected miRNAs was decreased by 5 to 8.6% independently
of the fixation time. This observation suggests that the fixa-
tion process or the storage of the block at room temperature
can result in partial loss of microarray signal intensity.

Effect of FFPE Block Storage Time

The human FFPE specimens described above were stored
for 1 to 3 years before RNA isolation and array processing.
To further determine the effect of prolonged block storage
on microarray data quality we compared the 1-year-old
FFPE and frozen myometrium replicates with independent
blocks that had been fixed for the same amount of time (24
hours) and stored for 7 years (three biological replicates) or
11 years (four biological replicates). As expected, the
1-year-old FFPE specimens clustered together with their
paired frozen samples (see Supplemental Figure 1 at http://
jmd.amjpathol.org) and showed nearly identical miRNA ex-
pression profiles (mean Pearson correlation >0.99, Figure
2A). The older myometrium samples from different donors
also clustered together, regardless of their age, but away
from the 1-year-old samples. Their expression profiles, how-
ever, were still quite similar to the recently fixed samples as
determined by the Pearson correlation of 0.89 and 0.84 for
7- and 11-year-old samples, respectively (Figure 2, B and
C). A closer analysis of individual normalized miRNA probe
signal (see Supplemental Table 4 at htip:/jmd.amjpathol.
org) revealed that the expression levels of two putative miR-
NAs, miR-494 and miR-513, increased significantly with FFPE
block age. In 1-year-old fixed myometrium, miR-494 and miR-
513 were expressed at levels 3.1- and 1.8-fold higher than in
matched frozen myometrium samples (Figure 2D). In 7-year-
old myometrium samples, these fold changes further in-
creased to 147- and 63-fold, while in 11-year-old samples they
reached 464- and 161-fold, respectively.
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Figure 1. miRNA expression profiling in four mouse tissues. A: Unsupervised hierarchical clustering of miRNA expression in paired frozen and fixed mouse brain,
stomach (Stom), small intestine (SmInt), and kidney (Kidn) using a two-color array platform. Expression levels are color-coded from green to red relative to the
common reference hybridization sample used for each array, with red indicating enrichment in a given sample. Gray squares represent flagged miRNAs probes
with low array signal below threshold (no data). B and C: Correlation of miRNA expression levels for paired fixed versus frozen mouse kidney, brain, small
intestine, and stomach. Correlations were calculated using mean normalized expression levels in fixed and frozen samples (7 = 4 donors per tissue).

Without these two miRNAs, the correlation coefficients
between the 7- or 11-year-old FFPE samples and frozen
myometrium were still significantly lower than for the 1-year-
old FFPE specimens (0.9 and 0.86, respectively; Figure 2, B
and C). This difference mainly stemmed from a decrease in
the number of probes detected above background over
time of storage (Figure 3A). In frozen myometrium, approx-
imately 60% of the miRNA sequences were detected as
present, whereas following fixation only 53% miRNAs were
detected above array threshold. Within the subsequent 10

years of storage, an additional 15% of miRNA present calls
were lost, bringing the final percentage of miRNAs detected
in 11-year-old myometrium to approximately 38%. This re-
duction was accompanied by a three- to fourfold decrease
in overall foreground array signal intensity, with no signifi-
cant change in background signal (Figure 3B). Further anal-
ysis of the percentage of miIRNA detected in FFPE speci-
mens according to expression level in the frozen reference
samples showed that 100% of the miRNAs highly ex-
pressed in frozen tissues are detected in FFPE samples
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Table 1. Pearson Correlation Coefficients for miRNA Expression Levels in Fixed Mouse Brain, Kidney, Small Intestine, and
Stomach Relative to Matched Frozen Samples
Correlation to frozen tissue

Sample ID Set 1 Set 2 Set 3 Set 4 Mean*
Brain 0.94 0.93 0.91 0.95 0.95
Kidney 0.88 0.94 0.92 0.83 0.96
Small intestine 0.96 0.97 0.96 0.95 0.97
Stomach 0.94 0.82 0.94 0.82 0.91

*Calculated using mean normalized expression levels in fixed and frozen samples (n = 4 donors per tissue).

(Figure 3C, Myo_Froz (1yr) >6). In contrast, the detection of
miRNAs expressed at medium or low levels in frozen sam-
ples is gradually lost over time, and can be as low as 30%
for low abundance miRNAs in 11-year-old FFPE samples.
Thus, miRNA expression profiles in archived samples are
accurate providing their expression levels are robust enough
(normalized expression level h > 6 in frozen samples).

Differential miRNA Expression in Archived
Samples

A common objective for miRNA array analyses is identi-
fication of MiRNAs that are differentially expressed between
samples. Additionally, unsupervised techniques such as
hierarchical clustering and principal component analysis
can reveal similarities and differences between samples at
the level of global expression signatures. We used principal
component analysis to identify the major axes of variability
among all 12 arrays of paired frozen and fixed myometrium
and B-cell lymphoma (Figure 4A). The myometrium miRNA
expression profiles from two separate donors were highly
similar and clustered tightly together in the first two principal
components, but did separate on the third principal com-
ponent with a lower magnitude of variation (data not shown).
There was a higher donor-to-donor variation in B-cell lym-
phoma samples; however, the fixed and frozen samples
from the same donor had very comparable expression pro-
files (Table 2). A two-way variance analysis confirmed that
there were no statistically significant differences between
miRNA profiles of the same tissue preserved either as fro-
zen or fixed for 6 or 24 hours and that all of the variation was
solely associated with the tissue type (see Supplemental
Table 5 at http.//jmd.amjpathol.org).

Table 2. Pearson Correlation Coefficients for miRNA

Expression Levels in Fixed Human Myometrium,

B-Cell Lymphoma, and Colon Relative to Matched

Frozen Tissues

Correlation to frozen tissue
Sample ID Set 1 Set 2 Mean*

Myo_6 hours 0.96 0.96 0.97
Myo_24 hours 0.97 0.99 0.99
BCL_6 hours 0.97 0.93 0.97
BCL_24 hours 0.96 0.98 0.98
Colo_6 hours 0.88 0.82 0.89
Colo_24 hours 0.86 0.90 0.91

Fixed tissues were immersed in formalin for either 6 or 24 hours.
*Calculated using mean normalized expression levels in fixed and
frozen samples (n = 2 donors per tissue).

The similarity of miRNA expression profiles in fixed and
frozen tissue sets was supported by a high correlation
(r = 0.89) between mean differential expression profiles
in FFPE versus frozen myometrium and B-cell lymphoma
(Figure 4B). We also verified that data analysis of differ-
ential expression between FFPE myometrium and B-cell
lymphoma identifies the same miRNA candidates as
analysis of matched frozen samples (Table 3). Nineteen
miRNAs were found to exhibit sufficient statistical and
signal differences to be considered differentially ex-
pressed miRNAs between myometrium and B-cell lym-
phoma (1Ahl4 >1.6 or fivefold change, P < 0.01). The
overall correlation of differential expression level was
>0.99 for this subset of miRNAs. Finally, we examined
the preservation of log difference in miRNA expression
between FFPE and frozen myometrium and B-cell lym-
phoma. We found that the mean log difference across all
miRNA probes when comparing fold change within either
frozen or FFPE tissue sets was 0.008 (—0.06 and 0.07
with 95% confidence). Together, these results demon-
strate that the difference in expression between these two
tissue types is essentially maintained with either method
of tissue storage.

Method Reproducibility and Accuracy

To determine the reproducibility of miRNA gene expres-
sion measurements in archived tissues, we next per-
formed three independent total RNA isolations from two
individual FFPE blocks 8 or 12 years old (spleen and liver
normal adjacent tissue; see Supplemental Table 1 at
http://jimd.amjpathol.org). Each technical replicate was
then labeled and hybridized individually on single color
microarrays carrying 662 unique miRNA probes. Follow-
ing data analysis, miRNA expression levels were found to
be highly similar between tissue block replicates (see
Supplemental Table 6 at http.//j/md.amjpathol.org). The
Pearson correlations between triplicate arrays were 0.95,
0.96, and 0.98 for liver and 0.97, 0.98, and 0.99 for
spleen. The individual probes signal variation was also
low. The mean %CV for miRNAs detected above back-
ground was 4.94% and 5.14% for spleen and liver, re-
spectively, indicating high reproducibility for the entire
process (RNA isolation and microarray platform).

To assess method accuracy, we compared microarray
expression data with real-time gRT-PCR. We performed
duplicate reverse transcription reactions followed by du-
plicate PCR on each of the technical replicate RNA sam-
ples using TagMan microRNA assays specific for 14
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miRNAs, including eight miRNAs that showed little to no
change in expression levels between tissue types (miR-
16, -17-5p, -24, -25, -103, -1063a, -191, and let-7a), and
six miRNAs that were differentially expressed to various
extent (miR-122a, -155, -181a, -192, -194, and -223) (Figure
5A; see Supplemental Figure 2 at http://jmd.amjpathol.org).
gRT-PCR data were highly reproducible between technical
replicates with mean %CV of 1.28 and 0.99% for spleen and
liver NAT, respectively. For each miRNA, the direction of
change in miRNA expression between the two tissues was
preserved relative to the microarray (Figure 5B). Overall, the
concordance of differential expression levels between mi-
croarray and gRT-PCR platforms was excellent with a Pear-
son correlation of 0.98. Thus, with optimized RNA isolation,
data normalization, and microarray methodologies, miRNA
expression profiling in archived FFPE samples is a robust
and accurate process appropriate for biomarker discovery
and measurement of gene expression changes.

Discussion

While traditional mRNA microarray platforms may lack
appropriate performances for analysis of gene expres-
sion in fixed tissues, several reports suggest that miRNA
expression profiling of archived human specimens can

be used for biomarker discovery.?®2' However, no thor-
ough analysis and systematic comparison with reference
paired frozen samples have been performed. Previously,
we identified and validated a superior-performing RNA
extraction method allowing isolation of large amounts of
quality RNA to perform robust miRNA expression analy-
ses by qRT-PCR in FFPE tissues.'® Here, we used this
method to evaluate miRNA expression profiling in 31
different FFPE tissue blocks up to 11 years old. Using
nine different mouse and human tissue types, we dem-
onstrate that the original miRNA composition of frozen
tissue is essentially preserved after routine fixation in
formalin and long-term storage. We show that indepen-
dent sections, RNA isolations, and microarray processing
produce reliable and reproducible miRNA expression
measurements. We also determined that the difference in
specimen-specific mMiIRNA expression is larger than any
technical variability associated with RNA isolation and
profiling processes. This comprehensive study demon-
strates the feasibility and utility of miRNA expression
measurements in FFPE tissue specimens using opti-
mized high-throughput microarray technologies.

A pilot study using freshly fixed mouse brain, kidney,
small intestine, and stomach demonstrated that the
FFPE-derived miRNA expression data are highly compa-

A C
O Myo_Froz (1yr) >6 @ 3<Myo_Froz (1yr) <6 ® Thr<Myo_Froz (1yr)<3
0O Foreground @ Background
>

e 70 ©
£ 70 g 1800 g 120
€ S 1500 4 o
g 504 ° g 100
8 40 4 g 5 1200 4 8
£ = £ 900 g 804
a 304 < D ° 60
g 204 E @ 600 - <Zt 1
£ 109 g 300y . [ E ©
g 0 o 0 £ 20

Myo_(1yr) | Myo_(7yr) | Myo_(11y) | < Myo_(1yr) | Myo_(1yn) | Myo_(7yr) | Myo_(11yn| 3 0

Froz FFPE Froz FFPE Myo_(1yr) Myo_(7yr) Myo_(11yr)
FFPE

Figure 3. Variation of microarray platform performance according to FFPE tissue block age. A: Mean percentage of miRNAs detected above threshold for frozen
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rable with the data obtained from corresponding frozen
specimens. A similar study was performed using remnant
archived human specimens that were specifically chosen
to represent different tissue types with variable cellular
content and heterogeneity. While myometrium is almost
entirely made of smooth muscle cells (99%), B-cell lym-
phoma consists primarily of monoclonal lymphocytes
(95%), and colon mucosal epithelial cells constitute about
60% of colon tissue cellular makeup.?? Independent of the
tissue type, we observed that miRNA expression profiles in
tissues fixed in formalin for 6 hours are nearly identical to
those fixed for 24 hours. The “percent present call” metric,
used to determine the total number of genes detected rel-
ative to the total number of probe sets on an array, can be
a useful measure of the sample and/or platform perfor-
mance. The analysis of miRNA percent present calls in
FFPE myometrium, B-cell lymphoma, and colon revealed a
loss of up to 17% mIRNAs in comparison to the paired
frozen tissue. Failure to capture a larger percentage of
miRNAs in FFPE samples may be a consequence of a lower
miRNA fraction recovery or excessive RNA modification
during FFPE tissue storage. More than 90% of the miRNA
sequences detected in the flash-frozen myometrium and

B-cell lymphoma specimens were also detected in their
matching FFPE samples, and the Pearson correlation val-
ues between average miRNA expression signals in FFPE
and frozen tissue sets were high (Table 2). For colon, only
62% of the miRNA sequences detected in the frozen spec-
imens were also found present in fixed specimens, and
therefore the correlation was lower (Table 2). This observa-
tion is likely a consequence of cellular heterogeneity of
colon accentuated by the histological and functional subdi-
vision of this organ.

Based on high tissue homogeneity, we chose myome-
trium as the model system to assess the effect of ex-
tended storage time on the quality of miRNA expression
profiling. In our study, the percentage of miRNAs de-
tected decreased by a total of 22% within an 11-year-
long storage of fixed myometrium tissue relative to frozen
myometrium (Figure 3A). This loss was the result of a
decreased global foreground array signal (Figure 3B)
leading to a lower signal to noise ratio over time. This
observation suggests that the higher extent of RNA deg-
radation in older FFPE blocks resulted in recovery of short
nonspecific RNA fragments that competed with and re-
duced the efficiency of miRNA labeling. Therefore, this

Table 3. Expression Levels of Representative miRNAs Differentially Expressed by Fivefold or More (IAhl >1.6, P < 0.01) in
frozen versus fixed myometrium and B-cell lymphoma.

MIiRNA Frozen (Ah*) Fixed (Ah*) P value (frozen) P value (fixed)
hsa_miR_155 —4.97 —4.82 3.03E-06 3.65E-06
hsa_miR_18 —2.70 —3.41 1.42E-02 5.04E-03
ambi_miR_7073 1.93 1.70 2.45E-03 4.53E-03
hsa_miR_143 1.96 2.09 6.34E-04 4.44E-04
hsa_miR_100 2.03 2.18 5.41E-05 3.53E-05
hsa_miR_196a 2.07 1.67 2.06E-03 5.74E-03
ambi_miR_7101 2.19 2.48 1.12E-02 6.49E-03
hsa_miR_27b 2.21 2.26 4.62E-05 3.98E-05
hsa_miR_125b 2.28 2.30 1.89E-04 1.78E-04
hsa_miR_203 2.30 2.55 1.03E-02 6.51E-03
hsa_miR_99a 2.32 2.45 1.29E-02 1.02E-02
hsa_miR_195 2.55 2.06 1.31E-03 3.75E-03
hsa_miR_214 2.57 2.27 4.78E-05 9.70E-05
hsa_miR_189 2.65 2.70 3.28E-03 2.98E-03
hsa_miR_145 2.65 2.69 8.99E-04 8.35E-04
hsa_miR_196b 2.74 2.26 4.31E-04 1.20E-03
hsa_miR_10b 2.97 3.03 1.94E-03 1.76E-03
hsa_miR_218 3.04 2.76 1.32E-04 2.25E-04
hsa_miR_204 3.49 3.56 7.59E-04 6.87E-04

*Mean differential miRNA expression level between myometrium and B-cell lymphoma (n = 2 donors per tissue type) using either frozen or fixed

samples.
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Figure 5. Comparison between microarray and gRT-PCR platforms. A: Example of miRNAs differentially expressed in three independent liver NAT and spleen
technical replicates as determined by microarray and qRT-PCR. For each RNA sample, duplicate reverse transcription reactions followed by duplicate PCR from
each reverse transcription reaction was performed. B: Correlation between the microarray and qRT-PCR platforms for the mean differential expression of 14

miRNAs in liver NAT and spleen replicates.

loss in performance impacted primarily miRNAs ex-
pressed at low to medium levels in myometrium (h < 6 in
frozen reference sample), leaving the high signal probes
relatively unaffected (Figure 3C). Consistent with this ob-
servation, a gradual increase in the probe signal intensity
of miR-494 and -513 was detected in aging myometrium
tissue blocks, peaking at 460- and 161-fold in the 11-
year-old samples respective to frozen tissue. This unex-
pected increase in abundance could be indicative of
degradation of precursor miRNA or mRNA species that
produced fragments that were non-specifically labeled
and hybridized to miR-494 and -513 probes on the array.

Recently, we reported specific miRNA expression pat-
terns that differentiate frozen pancreatic cancer specimens
from chronic pancreatitis and normal pancreas samples.'?
A similar study was subsequently published by Bloomston
et al using FFPE tissue blocks.?® There were 46 common
miRNAs found differentially expressed between pancreatic
cancer and reference samples across both studies, out of
which 42 (91.3%) showed concordant direction of fold
change, while four (8.7%) were discordant. This correlation
is surprisingly high considering that different tissue sets,
RNA isolation methods, miRNA labeling protocols, microar-
ray platforms, data normalization strategies, and reference
samples (normal pancreas from healthy donors versus nor-
mal adjacent tissue) were used. In the present study, we
thoroughly assessed the ability of miRNA microarrays to
identify miRNAs differentially expressed between samples
by using paired frozen and fixed biological replicates and
unsupervised techniques, such as hierarchical clustering
and principal component analysis. Myometrium RNA sam-
ple preparations from different donors generated similar
levels of miRNA expression and the tight clustering of the
samples is likely a consequence of high homogeneity of the
tissue. There was a higher donor-to-donor variation in B-cell
lymphoma samples, which likely result from the difference in
cellular composition between the two tissue specimens, as
shown in the pathology report (see Supplemental Table 1 at
http://jmd.amjpathol.org).

A total of 108 miRNAs differentially expressed (I1Ahl >1
or 2.7-fold change) between myometrium and B-cell lym-
phoma were detected in RNA from frozen and fixed tis-
sue sets; 79 in frozen tissue set in contrast to 77 in the

FFPE tissue set. The majority of those miRNAs (48/108,
44.4%) were common between frozen and fixed myome-
trium and B-cell lymphoma. Of the total number of miR-
NAs detected, 28.7% (31/108) were unique to the flash-
frozen tissue set and represent miRNAs whose signal
intensity decreased as a result of the fixation process,
perhaps due to increased array background. miRNAs
observed only in the FFPE tissue set (29/108, 26.8%)
exemplify those genes whose signal intensity increased
following the fixation process, likely as a result of nonspe-
cific binding of fragmented RNA species due to degrada-
tion. Regardless of these small discrepancies, expression
levels of the top 19 differentially expressed miRNAs (IAhl >
1.6, P < 0.01) between the FFPE and frozen myometrium
and B-cell lymphoma were highly concordant, with a Pear-
son correlation value of 0.99 (Table 3). This result was
further supported by a paired t-test analysis across
matched samples for each miRNA probe where we tested
the hypothesis that differential expression is equivalent be-
tween tissue storage methods. The resulting P value was
0.819, indicating that this hypothesis cannot be rejected by
the data. However, it should be noted that within the limita-
tions of this study we cannot eliminate the possibility that for
a larger sample set, there may be a statistically significant
difference associated with different preservation conditions.

Similar to other gene expression measurement platforms,
miRNA expression profiling in FFPE tissues must be repro-
ducible and accurate before it can be used routinely in
discovery studies and potential diagnostic applications. We
showed here that the technical variability associated with
independent RNA isolations, sample processing and array
hybridization of two FFPE tissues, liver NAT and spleen, is
acceptable (%CV approximately 5%) in comparison to the
differences resulting from biological variability between
specimens. Furthermore, a subset of differentially ex-
pressed miRNAs identified through comparative analysis of
microarray data were verified by gRT-PCR, and the Pearson
correlation coefficient between platforms was 0.98. On this
subset of miRNAs, the intraplatform variability was better
with gRT-PCR than with microarray, with %CV of 0.99 and
1.28% versus 3.0 and 5.9% for liver and spleen, respec-
tively. This discordance can be explained by the lower
sensitivity and linear dynamic range of the microarray plat-



form, which result in compression of microarray data for low
intensity signals. As discussed above, degradation of
longer RNA species in archived FFPE blocks can also fur-
ther reduce detection of low abundance miRNAs by affect-
ing the labeling efficiency of the miRNA population. In con-
trast, more sensitive and gene specific methods such as
gRT-PCR should be less susceptible to RNA degradation,
and gRT-PCR has been shown to accurately quantify
miRNA levels in FFPE blocks up to 12 years old." For
example, miR-122a and -192 were found overexpressed in
liver NAT relative to spleen using both platforms in the
present study. However, these miRNAs were below the
microarray detection threshold in spleen (see Supplemental
Table 6 at http://jmd.amjpathol.org). Removing these two-
probe signals from our reproducibility analysis significantly
reduced the mean microarray %CV from 5.9 to 2.4%.
Overall, our data demonstrate the reproducibility and
accuracy of miRNA expression profiling in FFPE tissues and
validate its use for molecular characterization of various
tissue types up to 11 years old. The understanding of
miRNA microarray performances using FFPE tissues is ex-
tremely valuable to appropriately design retrospective stud-
ies using well-annotated archived clinical samples and ex-
tend the application of mIRNA to new diagnostic,
prognostic, and treatment response biomarkers.
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