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INTRODUCTION

Recent advances in molecular biological techniques offer attractive
tools to investigate pathogenetic mechanisms of multiple sclerosis
(MS) or any other human disease. However, this requires that
the appropriate tissue and analytical techniques can be brought
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Abstract

The elaboration of novel pathogenic aspects of multiple sclerosis (MS) requires the analy-
sis of well-defined stages of lesion development. However, specimens of certain stages
and lesion types are either present in small brain biopsies, insufficient in size for further
molecular studies or available as formalin-fixed and paraffin-embedded (FFPE) material
only. Therefore, application of current molecular biology techniques to FFPE tissue is
warranted. We compared FFPE and frozen tissue by using quantitative polymerase chain
reaction and report: (1) FFPE material is highly heterogeneous regarding the utility for
transcript profiling of mRNAs; well-preserved FFPE samples had about a 100-fold
reduced sensitivity compared with frozen tissue, but gave similar results for genes of
sufficient abundance; (2) FFPE samples not suitable for mRNA analysis are still highly
valuable for miRNA quantification; (3) the length of tissue fixation greatly affects utility
for mRNA but not for miRNA analysis; (4) FFPE samples can be processed via a hot
water bath for dissection of defined lesion areas; and (5) in sifu hybridization for proteo-
lipid protein (PLP) helps to identify samples not suitable for mRNA amplification. In
summary, we present a detailed protocol how to use autoptic FFPE tissue for transcript
profiling in dissected tissue areas.

together (9, 17, 33, 35, 36). Particularly, the initial stages of MS are
characterized by a focal pathology and pronounced temporal
dynamic, and these are therefore of special interest. The majority of
tissue specimens containing these lesion stages and types (eg, ful-
minant active MS lesions), are either available as small brain biop-
sies, where lesion size is often insufficient for further molecular
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studies, or available as formalin-fixed and paraffin-embedded
(FFPE) material only. Whereas good preservation of tissue struc-
tures in FFPE material allows for precise histopathological and
immunohistochemical evaluation, investigation of RNA expres-
sion levels with modern techniques is challenging because of
impaired RNA quality. Also, FFPE specimens could be useful for
investigation of rare diseases, of which samples are difficult to
obtain for prospective brain banks. Therefore it is interesting to see
to which extent FFPE material can be used for such an approach
and to provide a practical protocol for routine screening for the
utility of FFPE material, in which conditions of tissue conservation
are unknown.

Most of the previous studies on RNA expression analysis in
FFPE tissue have used shortly fixed biopsy material (1, 10, 18, 25,
31, 34, 39, 40, 42). In contrast, archival brain tissues are obtained at
autopsy and conditions of tissue conservation often variable and
undefined. In these tissues RNA degradation by terminal hypoxia
and post-mortem autolysis add to the inevitable RNA destruction
and modification during tissue fixation and paraffin embedding (3,
6,8, 20,22,26). However, studies using frozen specimens of brain
tissue obtained by autopsy showed considerable stability of mes-
senger RNA (mRNA) up to 48 h post-mortem (7, 12, 29, 43).

In addition to mRNA, non-coding RNA, for example,
microRNAs (miRNAs), have increasingly been recognized as
important players in physiology and pathology of many diseases
including MS (14). Both microarray and quantitative polymerase
chain reaction (qQPCR) have been used to analyze miRNA expres-
sion in human tissue (34, 40, 42).

The purpose of this study was to elucidate to what extent FFPE
MS tissue specimens of autoptic origin can be used for reliable
transcript profiling using qPCR technology and to present a
detailed protocol how to do this. We specifically addressed the
following issues: (i) RNA yield in FFPE compared with frozen
brain tissue; (ii) ability to amplify transcripts coding for proteins
and miRNAs in randomly selected archival brain specimens; (iii)
effect of duration of tissue fixation on the amplification of protein
coding mRNA and miRNAs in brain tissue; (iv) application of a
more complex experimental setup including dissection of defined
tissue areas from FFPE brain tissue sections and flattening in a hot
water bath; (v) linkage of signal intensity of in situ hybridization
to subsequent utility for qPCR amplification; (vi) comparison of
FFPE vs. frozen tissue performance in analysis of gene expression
profiles by TagMan low density arrays (LDAs). For this purpose 84
genes coding for extracellular matrix (ECM)-related proteins were
selected given their differential regulation in MS lesions and their
wide spectrum of abundance in brain tissue (23).

MATERIALS AND METHODS

Analyzed tissue

In total, we analyzed 74 autoptic tissue samples (frozen n =22,
FFPE n=52) of 19 MS patients, one patient with Alzheimer’s
disease, one patient with meningitis tuberculosis and 12 healthy
control donors by qPCR and in situ hybridization. Frozen samples
were snap frozen in liquid nitrogen and then stored at —80°C. FFPE
specimens had been formalin fixed under variable conditions over
different time periods before paraffin embedding. Tissue samples
were kindly provided by the Center for Brain Research in Vienna,
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the Netherlands Brain Bank, the NeuroResource at UCL Institute
of Neurology in London and the Neurobiobank Munich (Support-
ing Information Table S1).

Tissue conservation for experiments analyzing
the effect of fixation time

To analyze the effect of fixation time on transcript amplification,
30 tissue specimens from six MS patients and three healthy
donors were fixed in 4% paraformaldehyde (PFA) at 4°C for time
periods ranging from 2 days to 3 years. After fixation, all samples
were embedded in paraffin and stored at room temperature. One
additional tissue specimen of each of these nine donors was snap
frozen in liquid nitrogen and stored at —80°C. Three FFPE tissue
specimens of three further MS patients were fixed in buffered for-
malin at room temperature for 1 month before paraffin embed-
ding. From these three specimens also snap frozen mirror blocks
were available.

Tissue processing and MS lesion dissection

FFPE tissue sections were obtained using a sliding microtome (SM
200R, Leica, Wetzlar, Germany). In one set of experiments the
sections were directly collected in RNAse free reaction tubes. Sub-
sequently, the tissue was deparaffinized by incubation in xylol for
2 x 10 minutes followed by centrifugation (5 minutes at 12 000
rounds per minute). Supernatant was discarded before rehydration
in descending dilutions of ethanol (~100% — 90% — 70%) for 7
minutes each followed by centrifugation (5 minutes at 12 000
rounds per minute) and discarding of the supernatant. To optimize
RNA yield from FFPE tissue, we compared efficiency of RNA
isolation in 4-, 6- and 8-um sections and found 6-um sections to
give the most efficient RNA yield. Therefore, 6-um

In another set of experiments, specific tissue areas were sections
were used in subsequent experiments.dissected. For this purpose,
6-um FFPE tissue sections were flattened in a 50°C DEPC water
bath, taken onto polyethylene (PEN) membrane covered object
slides (P.A.L.M Microsystems, Bernried, Germany) and air dried at
37°C overnight. Every 10th section underwent Luxol Fast Blue
(LFB) staining and was used as a model for proper lesion dissec-
tion. All other sections were deparaffinized and rehydrated as
described earlier. Then the MS lesion or the healthy white matter
was excised with a scalpel and tissue was collected in RNase free
reaction tubes for further processing. The total tissue amount
ranged from 180 to 300 um x 0.5 cm X 0.5 cm.

Of the frozen specimens, 10- to 20-um-thick sections were
obtained and mounted onto PEN membrane-coated object
slides. Every 6th section was stained with LFB. Then MS lesions
and healthy white matter were excised as described for FFPE
tissue. The total tissue amount ranged from 200 to 300 um X
0.5cm x 0.5 cm.

This experimental setup was applied to 10 MS lesions (FFPE
n=3, frozen n=7) and 8 white matter control samples (FFPE
n =2, frozen n =6).

Tissue lysis and RNA isolation

For tissue lysis, 30 pL lysis buffer [SO mMTris, 25 mM ethylenedi-
aminetetraacetic acid (EDTA), 500 mMNaCl, 0.1% Nonidet®
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P-40, 1% sodium dodecyl sulfate (SDS)] and 300 uL Proteinase K
(from Tritirachium album, ¢ =20 ™¢/,,;, molecular grade, RNAse
free, Sigma, Munich, Germany) were added per 1.5 mL reaction
tube and incubated at 60°C for 14 h. To improve tissue lysis, reac-
tion tubes were vortexed every 30 minutes at 1000 rpm for 5
minutes. RNA was isolated by: (i) adding 1 mL TRI®Reagent
(Sigma) and 200 pL chloroform; (ii) collecting the aequous super-
natant; and (iii) precipating RNA with isopropanol. This was done
twice to obtain high RNA purity. Finally, RNA was washed with
75% ethanol. RNA amount and purity [optical density (OD) 2601250
ratio] were assessed with the Nanodrop® ND-1000 Spectropho-
tometer. For some samples, RNA was extracted using the Roche
high pure FFPE RNA micro kit (Roche Diagnostics GmbH, Man-
nheim, Germany). To determine the RNA quality, one UL of the test
RNA (1-5 ng RNA/UL) was applied to an RNA Pico Chip (Agilent
Technologies, Boblingen, Germany), which was then run on
Agilent 2100 bioanalyzer.

Reverse Transcription, quantitative PCR,
TagMan® LDAs

For manually pipetted qPCR assays, cDNA from mRNA was syn-
thesized using random hexamer primers (Roche Diagnostics
GmbH) and Moloney Murine Leukemia Virus Reverse Tran-
scriptase (Promega, Madison, WI, USA) or the ABI ¢cDNA kit
(Applied Biosystems, Darmstadt, Germany). MiRNAs were
reversely transcribed with the TagMan® MicroRNA Reverse
Transcription Kit (Applied Biosystems) and miRNA specific RT
primers (TagMan® miRNA Assays, Applied Biosystems). Quanti-
tative PCR for the housekeeping genes peptidyl-prolyl-isomerase
A (PPIA) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as well as miR-181a and miR-124 was performed using
the qPCR Core Kit (RT-QP 73-05, Eurogentec, Seraing, Belgium)
together with TagMan® PCR Assays and TagMan® miRNA Assays
(both Applied Biosystems), respectively (Supporting Information
Table S2) TagMan®qPCR was performed on the 7900 HT Fast
Real-Time PCR System (Applied Biosystems). The amount of
c¢DNA used per manually pipetted qPCR reaction was usually
25 ng RNA equivalents for coding genes, but 9 ng in one case (MS
38). In this case, the Ct value for PPIA used in the analysis com-
paring qPCR and in sifu hybridization results was corrected
arithmetically according to the exponential nature of the amplifica-
tion: Cteorr = Clieasured + loga(*aly vsed 12/, ). For miRNA analysis,
5ng RNA equivalents were employed. Technical duplicates
were measured and the standard deviation was calculated as

SD = 2-“-\/(1112-513f,m,,)2 +(In2-SDppz ) based on (16, 24).

For theTagMan® LDA analysis, cDNA was synthesized using the
High-Capacity cDNA Reverse Transkription Kit (Applied Biosys-
tems). TagMan® LDA reactions contained Gene Expression Mas-
termix (Applied Biosystems) and a RNA equivalent of 3-9.5 ng
per reaction well. We conducted gene expression profiling in 18
tissue specimens (10 MS lesions (FFPE n = 3, frozen n =7) and 8
healthy controls (FFPE n =2, frozen n=6) for 84 ECM-related
genes (50 ECM components and 34 ECM modifying enzymes) on
custom made TagMan® LDAs (Applied Biosystems). PPIA and
GAPDH were included as housekeeping genes (Supporting Infor-
mation Table S2).

Data were analyzed with SDS 2.3 and RQ Manager 1.2 Software
(Applied Biosystems). After comparing the ability to amplify
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of GAPDH and PPIA in the five selected FFPE samples, PPIA
was selected as the reference housekeeping gene because it was
more abundant than GAPDH: mean Ct (PPIA, FFPE speci-
mens) = 26.54; mean Ct (GAPDH, FFPE specimens) = 29.53. For
normalization, relative gene expression with respect to the house-
keeping gene PPIA was calculated and is shown as percent PPIA:
% PPIA = 272¢'- 100 with ACt = Ct (target gene) — Ct (PPIA).

In situ hybridization

In situ hybridization was performed essentially as described
before (2): After deparaffinization and rehydration, RNA was
fixed in 4% PFA for 20 minutes. Sections were rinsed with Tris
buffered saline (TBS), followed by protein denaturation by incu-
bation with 0.2 M HCI. Sections were again rinsed in TBS and
then the tissue was partially digested with proteinase K (in TBS,
supplemented with CaCl,) to expose the RNA. Afterwards the
slides were washed in TBS and left at 4°C for 5 minutes. To avoid
non-specific binding, the slides were incubated with 0.5% acetic
anhydride (in TBS, pH 8) for 10 minutes. Slices were dehydrated
and put into a wet chamber (50°C, 30 minutes) to facilitate the
dispersal of the hybridization mix containing the proteolipid
protein 1 (PLP1) probe labeled with digoxigenin. The 1.4 kb
RNA probe was constructed from a plasmid containing the
DM20 variant of the mouse PLP1 sequence. Because of the high
degree of sequence homology, this 1.4 kb RNA probe also binds
to human PLP1/DM20. After application of the probe, a coverslip
was put for protection and the slide was heated to 95°C for 4
minutes to linearize the RNA. Afterwards the hybridization was
allowed to take place at 65°C over night. The coverslip was
removed by incubation in 2X saline sodium citrate (SSC) fol-
lowed by three highly stringent washing steps with 50% forma-
mide in 1x SSC for 20 minutes each at 55°C. Sections were then
washed thrice with 1x SSC (15 minutes per washing cycle),
then rinsed with TBS and incubated with Boehringer Blocking
Reagent containing 10% FCS for 15 minutes. Anti-digoxigenin
antibodies, which were coupled to alkaline phosphatase (Roche)
and dissolved in blocking reagent, were applied to the slices for
1 h. After five final washing steps with TBS, the development was
performed with NBT/BCIP at 4°C, up to 140 h. For assessment
of RNA quality, the signal appearance was controlled microscopi-
cally. Signal strength and distribution was evaluated semiquanti-
tatively after 26 or 70 h of incubation as described detailed in the
legend of Figure 4.

Statistical analysis

We tested the hypothesis that in sifu hybridization signals and
qPCR Ct values were negatively correlated (higher in situ hybrid-
ization signal ~ lower Ct value) using one-sided Spearman’s rank
correlation in R version 2.12.1 (R Development Core Team (2010).
R: A language and environment for statistical computing (R Foun-
dation for Statistical Computing, Vienna, Austria. ISBN 3-900051-
07-0, URL http://www.R-project.org/) (28). cor.test Function was
used with option exact=F as ties were present, resulting in
P =0.008 and 6 =—-0.57. To further address the extent of uncer-
tainty introduced by ties, we applied a random tie breaking
approach. In brief, ties were resolved by adding a random jitter that
was smaller than the smallest non-zero difference between data
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points, allowing us to apply cortest function with option
exact = TRUE in an iteration loop (i =100 000). The median P
(0.012) and & (-0.55) values were only slightly different from the
original ones, and 98.7% of all iterative P-values were <0.05.
Therefore we concluded that the correlation between in situ hybrid-
ization signal and qPCR Ct value has to be regarded as significant
with rounded P = 0.01 and rounded ¢ = —0.6 (Figure 4).

RESULTS

RNA vyield from FFPE tissue is comparable with
frozen tissue

In order to optimize the RNA yield from FFPE tissue blocks, we
compared variations of section thickness and number of sections
per reaction tube. Thereby we found that the RNA yield was
optimal with 6-um sections at a maximum of 7 sections per 1.5 mL
reaction tube. For average sized tissue blocks, a total tissue amount
of 126 um x 1-1.5 cm x 1-1.5 cm, which was processed at a
maximum of 7 X 6-um sections per reaction tube was most effi-
cient with respect to RNA yield and technical convenience. This
was applied to 38 FFPE samples (nine MS and seven healthy
donors) and the mean RNA yield was 5.8 ug (range 1.5-15.5 pg).
This is comparable with the average RNA yield of 4.7 ug (range
2.4-7.0 ug) in 10 frozen samples (six MS and four healthy donors)
of which similar total tissue amounts were used. RNA purity was
acceptable for FFPE samples with a mean ODqgs0 ratio of 1.82
(range 1.57-1.97) and for frozen specimens with a mean ODag250
ratio of 1.91 (range 1.84-1.99).

We have evaluated RNA quality of three FFPE samples with the
Agilent Bioanalyzer. Neither the 28S (4718 nucleotides) nor the
18S (1874 nucleotides) bands could be detected (data not shown),
which is in harmony with previous observations (4, 5). The calcu-
lated RNA integrity numbers were 2.3-2.4. Nevertheless we were
able to detect amplicons with a length <150 bp and all the more
miRNAs in these samples. The Ct value of the housekeeping gene
GAPDH was 30.3-30.7 in these samples.

Heterogenous (about 10°-fold different)
amplifiability of coding RNA in various
FFPE specimens

We evaluated utility of randomly selected FFPE samples for
expression analysis by qPCR. To this end, we performed qPCR for
the housekeeping gene PPIA in 27 FFPE specimens from 11 MS
donors and compared results for each sample to mean expression
level in frozen tissue (mean expression in six frozen samples from
six MS donors). For this, an expression ratio ""%/g,,., was calcu-
lated as 272, ACt was determined as difference between the Ct
value for PPIA in each FFPE tissue specimen and the mean Ct for
PPIA in six frozen samples [ACt = Ct (FFPE) — mean Ct (frozen)]
(Figure 1).

In all FFPE samples, amplification of the housekeeping gene
PPIA was considerably reduced compared with frozen tissue.
However, the extent of reduced amplification was highly different
between the randomly selected FFPE samples and ranged from
45-fold to more than 200 000-fold (Figure 1A).

The analysis of archival tissue specimens from healthy control
donors yielded similar results: we analyzed eight FFPE specimens
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Figure 1. Amplification of peptidyl-prolyl-isomerase A (PPIA) and miR-
187a in randomly selected archival multiple sclerosis (MS) tissue
samples. A. Amplification of PPIA (dark gray columns) and miR-181a
(light gray columns) was analyzed in eight formalin-fixed and paraffin-
embedded (FFPE) specimens of five MS patients. Amplification in
each FFPE specimen was compared with mean amplification in six
frozen specimens (standard error of the mean <2%). The expression
ratio "¥/i0en was calculated as 272 with ACt=Ct (individual FFPE
specimen) — mean Ct (n=6 frozen). An expression ratio of 1 indicates
comparable amplification in FFPE compared with frozen tissue. B. Simi-
larly, PPIA was analyzed in 19 additional FFPE specimens of eight MS
patients (dark gray columns). PPIA was not detected in samples marked
with *. Error bars represent standard deviation for technical duplicates.

from seven donors and compared it with three frozen samples from
three donors of whom also FFPE samples were obtained. The
ability to amplify PPIA was reduced by a mean of 132-fold (data
not shown).
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Figure 2. Comparative amplification of peptidyl-prolyl-isomerase A
(PPIA) and miR-181a in formalin-fixed and paraffin-embedded (FFPE)-
frozen mirror blocks. Each of three multiple sclerosis (MS) lesions
(A =S06/126-11.3, B =S04/247-3 and C=S03/222-9.2) was repre-
sented by a FFPE (gray columns) and a frozen (white columns) tissue
part. Transcript amplification of PPIA and miR-181a in the FFPE part
was compared with the frozen part and is shown as expression ratio
PP/ ozens Which was calculated as 272°t with ACt = Ct (individual FFPE
specimen) — Ct (corresponding frozen sample). An expression ratio of
1 indicates comparable transcript amplification in FFPE compared
with frozen tissue. Error bars represent standard deviation for technical
duplicates.

We further had the chance to analyze three frozen MS tissue
samples along with mirrored FFPE specimens reflecting the same
tissue components. The ability to amplify the housekeeping gene
PPIA was reduced by a mean of 277-fold (range 81- to 620-fold)
(left part of Figure 2). This is in contrast to the largely unaltered
amplification of miR-181a (right part of Figure 2).

We considered a FFPE specimen as suitable for further qPCR
analysis, if the Ct value for PPIA was <30, because this allows
detection of genes with an expression level of >3% PPIA if the
detection limit is set as Ct = 35. Applying this, 31% (12/38) of the
analyzed archival brain specimens were classified suitable.

Amplification of miRNAs in different FFPE
specimens is remarkably stable

Analogous to PPIA, we also analyzed the ability to amplify miR-
181a and miR-124 in a total of 36 samples (FFPE n =27, frozen
n=9) from 14 MS and 7 healthy donors. We selected these two
miRNAs because they are relatively abundant in the brain (13).
Amplification of miR-181a was analyzed in eight FFPE samples
of five MS donors and compared with mean expression in six
frozen samples of three overlapping MS donors. Again, the expres-
sion ratio FFP/g,., was calculated as 274! for each analyzed sample
(Figure 1). In contrast to PPIA, the ability to amplify of miR-181a
in FFPE tissue compared with frozen tissue was found to be largely
unaltered with a mean reduction by 1.7-fold only (range 0.3- to
3.1-fold, Figure 1A). Importantly, even in FFPE samples that are
barely suitable for quantification of genes coding for proteins, the
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miRNA can be quantified without evident loss of sensitivity (eg,
samples Y581-94-10D and 403-06-X in Figure 1).

This is further supported by an only slightly reduced amplifica-
tion of miR-181a in our mirrored FFPE-frozen MS lesions. In these
samples, the ability to amplify miR-181a was reduced by a mean
of 0.9-fold (range 0.5- to 1.7-fold) (Figure 2, right part). Similar
results were obtained in healthy brain tissue (three FFPEs com-
pared with three frozen samples of the same donors), where the
ability to amplify of miR-181a was reduced by a mean of 1.6-fold
(range 1- to 2.4-fold) (data not shown). Similarly, miR-124 was
analyzed in 16 randomly selected archival brain samples of eight
MS donors. Expression of miR-124 was considerably robust in all
16 samples with a mean Ct of 23.3 (SEM 0.32). This is in accor-
dance with the stable ability to amplify of miR-181a (n = 8 FFPE
samples, mean Ct 21.7, SEM 0.26).

Transcript amplification in FFPE tissue depends
on duration of tissue fixation

To investigate the role of fixation time on amplification of gene
transcripts we fixed tissue specimens for different periods of time
before paraffin embedding and subsequent RNA analysis. For this
purpose, we used 30 autoptic brain specimens (from three healthy
donors and six MS patients). Of each donor one tissue sample was
snap frozen in liquid nitrogen and 1-4 tissue samples were kept in
4% PFA over different time periods before embedding in paraffin.
FFPE samples were grouped according to duration of formalin
fixation: “days” (n =9, fixation for 2-21 days), “months” (n =9,
fixation for 1-4 months) and “years” (n =3, fixation for 2.5-3
years). Results in FFPE samples were compared with correspond-
ing frozen specimens (n = 9). Expression of PPIA and miR-181a
was measured in all 30 specimens. At first, the expression ratio
FEPE ) sen = 27°C" was calculated for each FFPE-frozen pair. Then,
the mean expression within each group was determined. Thereby
we noted that the length of fixation has a strong impact on the
ability to amplify of mRNAs, but had little effect on miRNAs.
Fixation for days reduced amplifiable PPIA transcripts by a mean
of 15-fold, fixation for months by 44-fold and fixation for years by
about 600-fold. In contrast, amplification of miR-181a was largely
unaltered by duration of fixation in 4% PFA (maximal 1.7-fold
difference with year-long fixation (Figure 3). Although the fixation
period did affect the ability to amplify RNA, it did not affect the
RNA yield.

Unaltered RNA yield and transcript
amplification after dissection from
membrane-coated slides

We were looking for a suitable approach to dissect defined areas in
FFPE tissue without impairment of subsequent RNA analysis. In
this regard, we considered tissue flattening in a hot water bath and
tissue dissection from membrane-coated slides as critical steps. In
pilot experiments with human tonsils RNA yield and the ability to
amplify GAPDH was remarkably reduced if the FFPE tissue had
been exposed to tap water. In contrast, if exposed to DEPC treated
water, RNA yield was comparable with tissue that had been pro-
cessed without exposure to water at all. In following experiments,
GAPDH amplification was unaltered in archival white matter
specimens, of which sections were flattened in a 50°C water bath
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Figure 3. Effect of formalin fixation on amplification of PPIA and miR-
181a. Thirty FFPE samples were grouped according to three time
periods of fixation in 4% PFA: “days"”: (n=9, formalin fixed for 2-21
days), “months” (n=9, formalin fixed for 2-4 months), “years” (n=3,
formalin fixed for 2-3 years) and transcript amplification was compared
with “frozen” specimens of the same donors (n = 9). ACt was calculated
for each FFPE and the corresponding frozen sample. Mean amplifi-
cation in each of the three FFPE subgroups (columns in different
shades of gray) is shown in relation to the mean amplification in
the group “frozen” (white columns, SEM < 2%). The expression ratio
P8 ozen Was calculated as 27 with ACt=mean Ct of the FFPE
subgroup — mean Ct of the frozen samples. An expression ratio of 1
indicates comparable transcript amplification in FFPE compared with
frozen tissue. Error bars represent standard error of the mean (SEM).

and then dissected from PEN membrane-coated object slides as
compared with directly processed white matter (data not shown).

In situ hybridization identifies tissue specimens
not suitable for further PCR analysis

To determine whether in sifu hybridization is a potential tool to
identify archival specimens with good RNA quality we compared
performance of 17 MS brain samples using an in situ hybridization
for PLP and qPCR for PPIA. We found that specimens with low
raw Ct values for PPIA (ie, better RNA quality) did also have
stronger signals in the in situ hybridization for PLP (Figure 4). This
inverse correlation between the signal strength of in situ hybridiza-
tion and raw Ct values was statistically significant (P = 0.01, Spear-
man’s ¢ = —0.6). Statistical analysis was performed as described in
materials and methods.

About 200 archival blocks from MS patients and control were
examines by in situ hybridization in Vienna and classified for
further molecular analysis based on the intensity of the in situ
signal with the PLP probe after 70 h. From controls 30/47 blocks
(22/27 cases) and from MS cases 45/152 blocks (27/57 cases) gave
a high in situ signal. This means 50-60% of the MS blocks in a
large archival collection have to be excluded from further molecu-
lar analysis. The ratios of controls and MS blocks are slightly
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different, because all available MS cases were analyzed, whereas in
controls mainly samples with a known short fixation period were
included. In 33 cases, different blocks from the same donor could
be analyzed. Typically, the RNA quality was similar in blocks
from the same donor, but we also noted exceptions: The ratio of
concordant/discordant was 8/2 in controls and 25/10 in MS cases.

Transcript profiling in FFPE compared with
frozen tissue: similar pattern despite
sensitivity loss

To define sensitivity and reliability of qPCR studies in FFPE com-
pared with frozen tissue we quantified the expression of 84 ECM-
related genes in five FFPE samples (three demyelinated MS lesions
and two healthy white matter controls) which were selected based
on good amplification of PPIA seen in previous experiments
(Table 1). The ECM-related genes are particularly suitable in this
regard, because the ECM is altered in MS lesions (23, 38) and they
comprise a spectrum of genes ranging from high to low abundance.
Results of FFPE samples were compared with values obtained with
13 frozen specimens (seven demyelinated MS lesions and six
healthy white matter controls) (23).

We considered a gene reliably detected if the measured Ct value
was <35. Using this as a detection limit, we noted a reduced sensi-
tivity in FFPE material. Of all 84 ECM-related genes we were able
to detect and quantify the expression of 68 of 84 genes (81%) in
frozen tissue of both MS and controls (74/84 genes in the control
and 68/84 genes in the MS group) and 36 genes (43%) in FFPE
tissue (57/84 genes in the control group and 37/84 in the MS
group). All the 36 genes detected in FFPE tissue were also detected
in frozen tissue.

When evaluating the expression data of Table 1 in detail, we
have to consider that in addition to the FFPE-frozen comparison,
we have a biological variability of different samples. We compared
the direction of the ratios MS/healthy and this showed that the
analysis of FFPE tissue can give reliable results. To compare gene
regulation results (in terms of up-, down- or no regulation) for the
36 genes detected in FFPE tissue, we calculated the gene expres-
sion ratio as " PP1A M3/, Loy (heattny)- A gene was considered as up- or
downregulated if the gene expression ratio was >2 or <0.5, respec-
tively. This was done separately within FFPE and the frozen tissue
before results were compared. The direction of the detected gene
regulation (MS/healthy) in the frozen and the FFPE group were
largely similar (Table 1): in the frozen MS lesions, 28 genes were
up- and two were downregulated. Twenty-four of these 28 genes
seen upregulated in frozen MS lesions were also classified as
upregulated in FFPE MS lesions; the other four genes were also
induced in the FFPE MS lesions but less than twofold. The two
downregulated genes in frozen MS lesions (HAPLN2, ADAMTS4)
were not regulated in FFPE MS lesions; of the six genes that were
classified as not regulated in frozen tissue, four genes were not
regulated in FFPE tissue and the other two genes (LAMA2,
ADAMTSI) were considered as upregulated. In summary, 28 of
these 36 genes were classified similarly in both, FFPE and frozen
tissue (Table 1).

DISCUSSION

Here we present a detailed protocol describing how to use autoptic
FFPE samples for mRNA and miRNA quantification and a quanti-
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Figure 4. Comparison of in situ hybridization for PLP1/DM20 and quan-
titative polymerase chain reaction (QPCR) signal. Strength of the in situ
hybridization signal of different tissue blocks was compared after 26 h of
substrate reaction. Five different signal intensities were defined: (A,B)
no signal (-); (C,D) weak signal in focal cells (+); (E,F) weak signal in most
oligodendrocytes (++); (G,H) strong signal focally and moderate signal in
most oligodendrocytes (+++); (I,J) strong signal in most/all oligodendro-

tative comparison of transcript amplification in FFPE and frozen
tissue (Supporting Information Table S3). We found that the utility
of FFPE material for the analysis of protein coding genes is highly
heterogeneous and that the length of tissue fixation before embed-
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cytes (++++). Magnification: A, C, E, G, I: x32; B, D, F, H, J: 80. K. gPCR
Ct values for PPIA were plotted against the PLP1/DM20 in situ hybridiza-
tion signal. A negative gPCR signal (“neg.”) was defined as no signal
after 40 cycles. Horizontal lines indicate medians. The negative correla-
tion between in situ hybridization signal and raw Ct value was statisti-
cally significant (P=0.01, Spearman’s ¢ = —0.6).

ding in paraffin is a key factor in this regard. Remarkably, speci-
mens that were poor candidates for mRNA analysis were still
highly valuable for miRNA quantification. In an expression analy-
sis of a larger set of ECM-related genes, FFPE tissue processing
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Table 1. Expression ratios MS/eain, of 84

Genes FFPE Frozen extracellular matrix (ECM)-related genes in
% PPIA % PPIA Expression ratio Expression ratio formalin-fixed and paraffin-embedded (FFPE)
Healthy MS tissue compared with frozen tissue.
M}, caithy S/, catthy Abbreviations: T = upregulated;

— 1 = downregulated; <> = not regulated;
Fibrillar collagens nd = not detected; * = fold expression change
COL1AT 0.10 10.62 104.69 T 7.01 T not determinable; » = not detected in MS
COL1A2 0.09 3.10 34.27 T 4.47 T group; « = not detected in healthy group;
COL3AT 0.16 1.33 8.43 T 10.85 T o =not detected in MS and healthy group.
COLBA1 0.04 1.55 34.72 T 16.83 T
COL5A2 nd nd * 6.51 T
COLBA3 1.36 4.30 3.17 T 6.64 T
Basement membrane collagens
COL4A1 0.33 14.89 45.32 T 14.55 T
COL4A2 nd nd * 5.49 T
COL4A3 0.07 nd * 1.21 =
COL4A4 nd nd * * )

COL4A5 0.94 2.67 2.84 T 2.67 T
COL4A6 0.14 nd * 2.22 T
Anchoring collagen

COL7A1 1.77 5.45 3.08 T 3.63 T
Nidogens

NID1 0.64 4.68 7.28 T 3.08 T
NID2 0.38 6.89 18.04 T 2.42 T
Laminins

LAMA1 0.66 1.37 2.09 T 4.55 T
LAMA2 0.28 2.13 7.51 T 1.63 o
LAMA3 0.29 nd * 2.50 T
LAMA4 1.48 419 2.84 T 6.25 T
LAMAB 0.04 nd * 23.77 T
LAMB1 0.06 nd * 8.67 T
LAMB2 3.71 40.61 10.93 T 9.04 T
LAMB3 0.52 nd * 2.38 T
LAMC1 0.32 2.68 8.35 T 9.69 T
LAMC2 nd nd * * o
Lecticans

AGC1 0.06 nd * 2.25 T
BCAN 34.34 47.22 1.37 = 2.43 T
CSPG2 nd nd * * )
CSPG3 3.63 nd * 0.87 =
Small leucine rich proteoglycans (SLRPs)

BGN 4.21 13.05 3.10 T 9.41 T
DCN 2.52 31.12 12.34 T 3.56 T
FMOD nd nd * 10.37 T
LUM nd nd * 7.42 T
Hyaluronan and proteoglycan link proteins (HAPLNs)

HAPLN1 0.12 nd * * )
HAPLN2 22.28 16.96 0.76 = 0.15 N
HAPLN3 0.28 9.46 33.66 T 9.87 T
HAPLN4 nd nd * 6.71 T
Heparan sulfate proteoglycan (HSPG)

HSPG2 0.71 11.81 16.69 T 5.49 T
Tenascins

TNC 3.98 5.49 1.38 = 2.14 T
TNR 4.55 3.79 0.83 o 0.93 =
Thrombospondins

THBS1 nd 22.28 * 11.90 T
THBS2 1.29 4.19 3.25 T 2.84 T
THBS3 nd nd * 3.34 T
THBS4 0.60 nd * 2.71 T
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Table 1. Continued
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Genes FFPE Frozen
% PPIA % PPIA Expression ratio Expression ratio
Healthy MS

Ms/hea\(hy Ms/hea\(hy
Fibrillins
FBN1 4.92 452 0.92 o 0.92 PN
FBN2 0.06 nd * 1.20 PN
FBN3 0.256 nd * 1.33 o
Others
FN1 7.38 68.23 9.25 ) 3.36 T
RELN 0.28 nd * 4.16 T
VTN nd nd * 2.39 T
A disintegrin and metalloproteinase domains (ADAMSs)
ADAMS 0.24 nd * 1.82 o
ADAM10 7.27 13.07 1.80 = 1.52 PN
ADAM12 0.26 nd * 2.12 T
ADAM17 0.22 nd * 1.76 o
A disintegrin-like and metalloproteinase with thrombospondin type 1 motifs (ADAMTs)
ADAMTS1 2.29 21.03 9.19 ) 1.73 PN
ADAMTS4 14.82 28.36 1.91 = 0.22 N
ADAMTS5 0.09 nd * 4.04 T
Matrix metalloproteinases (MMPs)
MMP1 nd nd * * %
MMP2 0.73 8.37 11.51 T 6.41 T
MMP3 nd nd * * )
MMP7 nd nd * * %
MMP8 nd nd * * 5
MMP9 0.06 nd * 12.46 T
MMP10 nd nd * * o
MMP11 nd nd * 6.43 T
MMP12 nd nd * * 0
MMP13 nd nd * * o
MMP14 7.31 22.15 3.03 T 11.59 T
MMP15 0.87 1.57 1.80 = 1.93 o
MMP16 1.43 nd * 2.14 T
MMP17 0.64 nd * 11.64 T
MMP19 nd nd * 10.71 T
MMP20 nd nd * * o
MMP21 nd nd * * )
MMP23B nd nd * 2.37 T
MMP24 0.45 nd * 4.51 T
MMP25 nd nd * * )
MMP26 nd nd * * 0
MMP27 nd nd * * o
MMP28 nd nd * 3.76 T
Tissue inhibitor of metalloproteinases (TIMPs)
TIMP1 1.13 6.00 5.32 T 11.94 T
TIMP2 34.80 35.65 1.02 = 2.30 T
TIMP3 9.48 191.91 20.24 T 4.83 T
TIMP4 2.65 437 1.65 P 3.71 T

Data calculation: A Ct value <35 was set as detection limit and the gene expression ratio
% PPIA S, ooin (healthy) Was determined. A total of five FFPE tissue specimens (n =3 MS, n = 2 healthy)
and 13 frozen tissue specimens (n=7 MS, n =6 healthy) were analyzed. Expression of the ECM-
related genes in frozen tissue using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a
housekeeping gene were published in a different context (23).
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including a hot water bath and subsequent dissection of MS lesion
areas did not impair results. Compared with data obtained in
frozen tissue, a similar pattern of gene expression was found in
FFPE tissue—provided that the target genes were of sufficient
abundance.

In our screening of archival MS brain samples for possible utility
in coding gene expression analysis only about a third of all
analyzed samples showed acceptable quality [defined as Ct
(PPIA) < 30]. This is in concordance with a study in which utility
of 157 archival tumor specimens for microarray analysis with
respect to tumor classification was analyzed and in which only 25%
of the performed arrays were informative (27).

In our autoptic FFPE brain specimens, the ability to amplify of
PPIA was very heterogeneously distributed and ranged from very
poor [ACt (Ctrrpe-Ctirozen) > 15] in some old archival tissue speci-
mens to adequate (ACt = 5) in other specimens (eg, samples 1771-
05-1.6, 1854-05-7.1,RZ 23-5, 1854-05-10.1 and mirror samples A,
B, C in Figure 2). An average increase of Ct values by five cycles
(which means a reduced sensitivity by a factor of 2° = 32) has also
been observed by different studies using bioptic FFPE specimens
(10, 19). The decline of retrievable RNA copies in archival tissue
has been explained in depth by: (i) chemical RNA destruction/
modification by formalin fixation (8, 22, 26); (ii) variable condi-
tions during tissue fixation such as pH (15), temperature (32) and
length (3, 6, 22); (iii) level of tissue penetration by the fixative (31)
and period of storage in paraffin (6, 20, 34).

Among these effects, we have analyzed the effect of fixation
time in more detail. Under otherwise “standardized conditions”
(PFA, 4°C) we found a progressive decline in the ability to amplify
coding genes in correlation with progressive time of fixation
leading to around 600-fold loss of amplifiable transcripts with
tissue fixation over years (Figure 3). However, this loss in amplifi-
cation is relatively moderate compared with the about 10°-fold loss
of amplification in some other archival brain samples of which
fixation conditions were unknown.

We further noticed that 15 of 18 of the specimens which had
been fixed under these “standardized conditions” were suitable for
subsequent gene expression analysis [Ct value (PPIA) < 30]. All of
this suggests that utility of archival MS brain specimens depends
on the overall quality of tissue preservation including length of
tissue fixation.

Despite the heterogeneous utility of the FFPE samples for the
analysis of mRNA expression levels, all of our archival brain speci-
mens were found to be useful for subsequent miRNA quantifica-
tion. In the present study we observed a mean Ct increase by 0.5
for FFPE samples analyzed for miR-181a compared with frozen
tissue. We have already applied this observation to establish
miRNA profiles of white matter lesions of MS patients (13). Our
observation, that miRNAs can readily be quantified in FFPE tissue
which is considered not useful for analysis of protein coding
mRNA, does extend previous work on miRNA analysis in FFPE
tissue (34, 40, 42). The small size (42) and protective miRNA—
protein interactions (11, 21) might explain the enormous stability
of miRNAs. All of this makes archival MS samples a valuable
tissue resource for further investigation of the role of miRNAs in
MS, for example, their impact on cortical demyelination (35) or the
potential presence of viral agents (30, 41).

Five suitable FFPE specimens were used for gene expression
analysis for a larger set of ECM related genes. This revealed an
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expression pattern similar to 13 frozen specimens, where fibrillar
collagens, decorin and biglycan were found to be associated with
infiltrating immune cells (23). These genes were also found to be
strongly induced in FFPE tissue along with basement membrane
collegens and laminins, the induction of which was previously
described using immunostaining (23, 37). However, we were not
able to detect especially low abundant genes in FFPE tissue, for
example, fibromodulin (FMOD), lumican (LUM), reelin (RELN)
and most of the metalloproteinases (MMP9, MMP11, MMP17,
MMP19, MMP24, MMP28) (Table 1).

Archival FFPE specimes are of great value for research on the
pathogenesis of MS because certain lesion types are rarely encoun-
tered in biopsy specimens or in frozen material from human brain
banks. The molecular analysis of some stages of MS lesion devel-
opment therefore depends on FFPE tissue samples. In such pre-
cious FFPE samples, post-mortem time, pre-mortem conditions
and duration of formalin fixation are often unknown and molecular
research on such archival material is very challenging. Therefore, a
simple and reliable method to pre-screen such material for its suit-
ability for molecular studies is urgently required. Our present data
show, that such a pre-screening can be performed by screening the
ability to amplify a housekeeping gene by qPCR or in situ hybrid-
ization for an abundantly expressed mRNA, for example, PLP.
In particular, a lack of signal in the in situ hybridization (“-” in
Figure 4) identifies samples that are unlikely to perform well in
qPCR studies of mRNA.

In summary, the present study shows that gene expression analy-
sis for both mRNA and miRNA can be performed with FFPE
specimens of good quality, even if a bioanalyzer indicates degraded
RNA. Especially miRNA expression can be quantified in virtually
all FFPE specimens with sensitivity that is comparable with frozen
tissue, whim amplification of mRNA is only possible in a subset of
FFPE specimens. The mRNA analysis of FFPE material by gPCR
is less sensitive than of frozen tissue but gives similar results for
genes of sufficient abundance. The utility of archival MS tissue
specimens for mRNA analysis can be evaluted by in sifu hybridiza-
tion with an abundant probe and by qPCR for a housekeeping gene.
Furthermore, defined tissue areas can be dissected in FFPE speci-
mens without impairment of subseqent qPCR analysis of mRNAs
or miRNASs using the protocol described here.
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version of this article:

Table S1. Analyzed tissue specimens.

Table S2. Extracellular matrix and extracellular matrix related
genes and corresponding TagMan® PCR assays used for TagMan®
Low Density Array (LDA) analysis (Applied Biosystems, Darms-
tadt, Germany).

Table S3. Protocol for using archival FFPE specimen.
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