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MicroRNAs (miRNAs) are small, noncoding RNAs that
suppress gene expression at the posttranscriptional
level via an antisense RNA-RNA interaction. miRNAs
used for array-based profiling are generally purified
from either snap-frozen or fresh samples. Because
tissues found in most pathology departments are
available only in formalin-fixed and paraffin-embed-
ded (FFPE) states, we sought to evaluate miRNA de-
rived from FFPE samples for microarray analysis. In
this study, miRNAs extracted from matched snap-fro-
zen and FFPE samples were profiled using the Agilent
miRNA array platform (Agilent, Santa Clara, CA).
Each miRNA sample was hybridized to arrays contain-
ing probes interrogating 470 human miRNAs. Seven
cases were compared in either duplicate or triplicate.
Intrachip and interchip analyses demonstrated that
the processes of miRNA extraction, labeling, and hy-
bridization from both frozen and FFPE samples are
highly reproducible and add little variation to the
results; technical replicates showed high correlations
with one another (Kendall tau, 0.722 to 0.853; Spear-
man rank correlation coefficient, 0.891 to 0.954). Our
results showed consistent high correlations between
matched frozen and FFPE samples (Kendall tau, 0.669
to 0.815; Spearman rank correlation coefficient, 0.847
to 0.948), supporting the use of FFPE-derived miRNAs
for array-based, gene expression profiling. (J Mol Di-
agn 2008, 10:513-519; DOI: 10.2353/jmoldx.2008.080077)

MicroRNAs (miRNAs) are a class of evolutionarily con-
served, small (~18- to 24-nucleotide) noncoding RNAs
that negatively regulate gene expression in both plants
and animals.’ Since their initial discovery, more than 400
human miRNAs have been cloned and sequenced, many
of which are highly conserved between species,>* fur-

ther supporting the idea that miRNAs are critical gene
regulators.

Currently, it is estimated that up to 30% of protein
coding genes might be regulated by miRNAs at the post-
transcriptional level.*® Recent studies have demon-
strated that miRNAs regulate various cell functions, in-
cluding cell proliferation, differentiation, death, stress
resistance, and fat metabolism.*~° Accordingly, it is rea-
sonable to suggest that abnormal miRNAs expression is
likely to contribute to human disease, including cancer.
Current research supports that view.”'°

Various methods have been implemented to profile
miRNA expression patterns, including quantitative RT-PCR,
microarray,'" and serial analysis of gene expression.'® Re-
gardless of the approach, the successful application of
these techniques is largely limited by the availability of fresh
or frozen clinical samples, which are considered to be the
most reliable source of intact RNA in general. The more
broadly available formalin-fixed, paraffin-embedded (FFPE)
samples with their detailed clinical annotation have not
been systematically investigated with respect to the quality
of miRNA derived from them. It is postulated that miRNAs
may be less affected than mRNAs by formalin fixation and
paraffin embedding, perhaps due to their slower degrada-
tion,"® smaller size, and lack of poly A tails.” Initial studies
have shown good correlation between matched frozen and
FFPE miRNA profiles using either an RNA-primed, array-
based Klenow enzyme microarray platform’ or locked nu-
cleic acid-based miRNA arrays.”

In this study, we investigated the miRNA expression pro-
files of matched frozen and FFPE clinical samples using the
Agilent microarray platform (Agilent, Santa Clara, CA).

Materials and Methods

Sample Collection

Matched frozen and FFPE samples of lymph node hyper-
plasia tissues were obtained from the Department of
Pathology and Molecular Medicine, Kingston General
Hospital. Snap-frozen samples were embedded in Opti-
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Figure 1. Effects of formalin fixation and paraffin embedding on miRNA. A: Frozen sample-derived total RNA electrophorogram on Agilent small RNA chip.

B: FFPE-derived total RNA electrophorogram on Agilent small RNA chip.

mal Cutting Temperature freezing medium and stored at
—80°C until use. FFPE samples were made following
routine formalin fixation and paraffin embedding protocols
and stored at room temperature until use. Sample age
ranged from 1 to 2 years. Seven anonymous paired lym-
phoid hyperplasia tissues were available for this study.

RNA Extraction

The miRNAeasy kit (Qiagen, Mississauga, Canada) was
used to extract total RNA (including miRNA) from frozen
samples. Briefly, about 30 mg of frozen tissue was dis-
rupted using a tissue homogenizer in the presence of
QIlAzol lysis reagent. After a chloroform extraction, the
aqueous phase was added to a column, and RNA was
eluted in 60 ul water. The RecoverAll total RNA Isolation
kit (Ambion, Streetsville, Canada) was used to extract
total RNA (including miRNA) from FFPE samples. Three
20-um slices were deparaffined with xylene, washed
twice with ethanol, and digested with protease at 50°C for
3 hours. The lysate was passed through a filter cartridge,
and RNA was eluted in 60 ul water. The quality of each
sample was checked using an Agilent 2100 Bioanalyzer.

miRNA Expression Profiling

miRNAs were labeled using the Agilent miRNA labeling
reagent and hybridized to Agilent human miRNA arrays.
Total RNA (100 ng) was dephosphorylated and ligated
with pCp-Cy3. Labeled RNA was purified and hybridized
to Agilent miRNA arrays with eight identical arrays per
slide, with each array containing probes interrogating
470 human miRNAs. Triplicate arrays were performed for
two pairs of hyperplasia samples and duplicate arrays for
three pairs of hyperplasia samples. Images were
scanned with the Agilent microarray scanner (Agilent),
gridded, and analyzed using Agilent feature extraction
software version 9.5.3. Raw data are available on the
National Center for Biotechnology Information Gene Ex-
pression Omnibus website (http.//www.ncbi.nlm.nih.gov/
geo/; last accessed July 29, 2008) using accession num-
ber GSE-12458.

Statistical Analysis

Following Agilent recommendations, no interarray nor-
malization was applied, because the similarity between
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Figure 2. Scatter plots of replica frozen sample arrays (A) and replica FFPE sample arrays (B). x and y axes are on log scale.
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Figure 3. Comparison of miRNAs extracted from the same sample. x and y axes are on a log scale. A: Scatter plot of replica frozen sample arrays from separately
extracted miRNA. B: Scatter plot of replica FFPE sample arrays from separately extracted miRNA.
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Figure 4. Comparisons of slide to slide variability. x and yaxes are on a log scale. A: Scatter plot of replica frozen sample arrays from separately extracted miRNA
on arrays on different slides. B: Scatter plot of replica FFPE sample arrays from separately extracted miRNA on arrays on different slides.

matched frozen and FFPE sample arrays was unknown.
Kendall tau and Spearman rank correlation coefficients
were calculated between technical replicates using either
same tissue sample or same RNA pool on same or different
slides to assess variations introduced by miRNA extraction,
labeling, and hybridization and slide heterogeneity. miRNA
signals from matched frozen and FFPE samples were line
plotted together for visual comparison. Unsupervised
clustering was performed on raw data using the web-
based EBI profiler (http.//www.ebi.ac.uk/microarray-srv/
EP/cgi-bin/ep_ui.pl).

Results

RNA Quantity and Quality

Both frozen and matched FFPE samples yielded enough
total RNA (5~30 ug) for profiling. The quality check showed
that the frozen samples retained a miRNA peak (18- to
24-nuclectides), whereas the same peak in FFPE sample

was obscured by the degraded mRNAs, transfer RNA
(tRNA), and ribosomal RNA (rRNA) (Figure 1, A and B,
respectively), consistent with previous observations.'®1©

Variation Due to Labeling and Hybridization

To identify variations that might be introduced at the
labeling and hybridization steps, we analyzed the corre-
lation of four pairs of duplicate arrays hybridized on the
same slide. Results showed that duplicate arrays using a
common RNA source were highly correlated (Figure 2)

Table 1. Kendall tau and Spearman Rank Correlation
Coefficients of 32 Comparisons between Frozen-
Matched FFPE Sample Arrays
Mean Minimum Maximum  SD
Kendall tau 0.744  0.669 0.815 0.083
Spearman coefficient 0.905  0.847 0.948 0.024
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Figure 5. Scatter plots of frozen sample array versus matched FFPE sample array. y axis stands for frozen sample intensity on log scale. x axis stands for FFPE
sample intensity on log scale. A: Scatter plot of our best correlation sample pair. B: Scatter plot of our worst correlation sample pair.

(Kendall tau, 0.804 to 0.853; Spearman rank correlation
coefficient, 0.924 to 0.954). P values for these and all
other correlations were less than 0.01.

Variation Due to RNA Extraction

To examine variations due to the RNA extraction protocol,
we compared arrays on the same slide hybridized with
miRNAs isolated in separate extractions from the same
tissue. Results showed duplicate arrays using separate
preparations of RNA from the same tissue source were

Table 2. Summary of Correlation Analyses

highly correlated (Kendall tau, 0.722 to 0.847; Spearman
rank correlation coefficient, 0.921 to 0.949) (Figure 3).

Slide Variation

To assess slide to slide variation, we compared arrays on
different slides using miRNAs extracted separately from
the same sample. The results showed a slightly lower
correlation (Kendall tau, 0.727 to 0.757; Spearman rank
correlation coefficient, 0.891 to 0.912) (Figure 4).

Sample 06-2817

Sample 05-11903

Sample 06-17176

Fr FF Fr Fr FF Fr Fr FF Fr
versus versus versus versus versus versus versus versus versus
Fr FF FF Fr FF FF Fr FF FF
Spearman rank coefficient
0.948 0.890 0.909 0.935 0.942
0.874 0.921 0.931
0.933 0.954 0.917
0.897
0.908
0.905
0.875
0.871
0.862
Mean N/A N/A 0.948 N/A N/A 0.890 0.905 0.937 0.901
SD N/A N/A N/A N/A N/A N/A 0.030 0.017 0.027
Kendall tau
0.815 0.716 0.739 0.788 0.798
0.693 0.771 0.778
0.808 0.849 0.759
0.726
0.747
0.743
0.704
0.702
0.689
Mean N/A N/A 0.815 N/A N/A 0.716 0.747 0.803 0.738
SD N/A N/A N/A N/A N/A N/A 0.058 0.041 0.037

Fr, Frozen sample; FF, FFPE sample. SD was calculated when applicable.



Correlation of miRNA Expression Profiles
Between Matched Frozen and FFPE Samples

Because triplicate arrays were performed for two pairs of
samples and duplicate arrays for the remaining three
pairs, we had 32 comparisons between matched frozen
and FFPE samples. Good correlations were found in all
32 comparisons (Table 1) (Kendall tau, 0.669 to 0.815;
Spearman rank correlation coefficient, 0.847 to 0.948).
Results from the independent correlation analysis meth-
ods matched each other well. Scatter plots for matched
sample pairs with the best and worst correlations are
shown in Figure 5, A and B, respectively. The correlations
for each pair of samples is summarized in Table 2 (frozen
versus frozen/FFPE versus FFPE/frozen versus FFPE).
Unsupervised clustering showed that the matched sam-
ples generally clustered together (Figure 6).

Similarity of Individual miRNA Between Matched
Frozen and FFPE Samples

A line plot was used to visually inspect the difference
between individual miRNA expression levels in matched
samples (Figure 7). Results suggested that miRNAs iso-
lated from FFPE samples retain most of the characteristic
expression pattern of the frozen counterpart. In cases
where the FFPE-derived miRNA deviated from the frozen
sample profile, no consistent pattern was found between
samples.
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Discussion

miRNAs are critical gene regulators involved in various
physiological and pathophysiological processes.’” 24
Considering the large number of genes regulated by only
several hundred miRNAs, it is very likely that gene silenc-
ing by miRNAs occurs in a combinatorial manner. As a
result, parallel quantification of miRNAs by microarray is
important in assessing the regulatory role of miRNA spe-
cies. However, current miRNA expression profiling stud-
ies are largely limited by the availability of fresh or frozen
samples, which are seen as the gold standard for puirifi-
cation of highly representative miRNAs. Although, it has
been shown that detecting miRNA in FFPE sample is
technically feasible,?>2® one unanswered question is
whether FFPE sample can reliably reflect information re-
tained in frozen samples. One of the difficulties is that the
ability to perform adequate quality control for miRNAs is
currently limited, especially for FFPE-derived material.
Capillary electrophorograms of frozen sample-derived
RNA show a clear miRNA species peak compared with
those of FFPE-derived RNAs, which show a hump toward
low molecular weight that is likely a mixture of miRNA and
degraded larger RNA molecules (rBRNA, tRNA, and
mRNA). Without additional tools to assess quality of miR-
NAs in total, assessing the similarity of a profile to a
putative “gold standard” profile remains the method of
choice.

In this study, miRNA profiles of matched frozen and
FFPE samples were compared on the Agilent miRNA

Table 2. Continued
Sample 07-2248 Sample 05-11826 Sample 05-19322 Sample 05-2623
Fr FF Fr Fr FF Fr Fr FF Fr Fr FF Fr
versus versus versus versus versus versus versus versus versus versus versus versus
Fr FF FF Fr FF FF Fr FF FF Fr FF FF
0.912 0.891 0.929 0.947 0.949 0.897 0.921 0.936 0.930 0.945 0.930 0.921
0.901 0.900 0.847 0.895 0.917 0.908
0.953 0.924 0.856 0.906 0.915 0.913
0.917 0.913 0.913 0.924
0.909
0.911
0.909
0.883
0.905
0.922 0.905 0.896 0.947 0.949 0.903 0.921 0.936 0.919 0.945 0.930 0.917
0.027 0.017 0.028 N/A N/A 0.008 N/A N/A 0.008 N/A N/A 0.007
0.757 0.727 0.782 0.834 0.842 0.724 0.772 0.817 0.783 0.829 0.807 0.761
0.737 0.737 0.669 0.721 0.761 0.742
0.853 0.804 0.683 0.737 0.761 0.750
0.760 0.746 0.758 0.769
0.755
0.760
0.747
0.723
0.752
0.782 0.756 0.737 0.834 0.842 0.732 0.772 0.817 0.766 0.829 0.807 0.756
0.062 0.042 0.038 N/A N/A 0.012 N/A N/A 0.012 N/A N/A 0.012
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Figure 6. Unsupervised clustering of 14 frozen sample arrays and 14 FFPE
sample arrays.

array platform, which has several advantages. First, the
3" end labeling method used for this platform is tolerant to
nucleotide damage in substrate miRNAs as long as the 3’
end of target molecule remains intact.?” Second, highly
specific probe sequences effectively distinguish targeted
miRNAs from unintended mRNAs, making miRNA enrich-
ment unnecessary®?’ and resulting in more accurate
miRNA hybridization patterns. Third, this platform has
been shown to precisely measure input miRNA from 0.2
amol to 2 fmol,?” a range covering both high and low
expression miRNAs. Finally, only 100 ng of total RNA is
required to generate miRNA expression profiles, com-
pared with microgram total RNA input required on other
platform. The robustness of this platform is further shown
by high reproducibility of extraction, labeling, and hybrid-
ization processes in our data. The slightly lower correla-
tion observed in Figure 4 reflects the total variation due to
the combined effect of all of these processes in addition
to slide to slide variation. Therefore it seems safe to
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Figure 7. Line plot of 30 randomly chosen miRNAs comparing relative signal
intensities from matched frozen sample and FFPE samples. Similar results
were obtained with all 470 miRNAs profiled on the arrays (data not shown).

assume that slide to slide variation alone does not greatly
skew the final profile.

In our hands, matched frozen and FFPE samples
yielded similar signal levels, and consistent high correla-
tions were observed between them, which agrees with
previous suggestions that FFPE sample-derived miRNAs
may retain information quite well."">2” Both Kendall tau
and Spearman rank correlation coefficient results be-
tween matched frozen and FFPE samples were signifi-
cantly higher than would be expected by chances, which
was simulated by reshuffling two data sets from matched
samples independently and randomly and recalculating
the Kendall tau and Spearman rank correlation coefficient
(data not shown). In addition, unsupervised clustering of
the data showed that matched samples tended to cluster
together, suggesting that the similarity between matched
sample profiles was not likely to be due to artifacts intro-
duced during extraction but had an underlying biological
basis. Additionally, separate RNA extractions from the
same samples clustered together, again suggesting the
biological basis for the profiles observed.

In summary, this study provides evidence that FFPE-
derived miRNAs are acceptable for profiling using a mi-
croarray platform and that miRNAs isolated from archived
FFPE samples appear to match information retained in
frozen sample quite well. These results are more prom-
ising than those routinely observed for archival sample
profiling using comparative genomic hybridization or
global mMRNA expression arrays.’2® It is postulated that
miRNA species are less affected by autolysis, cross link-
ing, and fragmentation during FFPE preparation.®2° Ad-
ditional studies to explore how miRNAs are affected dur-
ing formalin fixation and paraffin embedding would
provide even more opportunity to optimize miRNA extrac-
tion protocols from archived samples.
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