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Abstract We present a novel approach for microarray
analysis of RNA derived from microdissected cells of
routinely formalin-fixed and paraffin-embedded (FFPE)
cancer resection specimens. Subsequent to RNA sample
preparation and hybridization to standard GeneChips
(Affymetrix), RNA samples yielded 36.43+9.60% (FFPE),
49.90+4.43% (fresh-frozen), and 53.9% (cell line) present
calls. Quality control parameters and Q-RT-PCR validation
demonstrated reliability of results. Microarray datasets of
FFPE samples were informative and comparable to those of
fresh-frozen samples. A systematic measurement difference
of differentially processed tissues was eliminated by a
correction step for comparative unsupervised data analysis
of fresh-frozen and FFPE samples. Within FFPE samples,
unsupervised clustering analyses clearly distinguished
between normal and malignant tissues as well as to further
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separate tumor samples according to histological World
Health Organization (WHO) subtypes. In summary, our
approach represents a major step towards integration of
microarrays into retrospective studies and enables further
investigation of the relevance of microarray analysis for
clinico-pathological diagnostics.
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Introduction

Gene expression analysis by genome-wide mRNA micro-
array analysis is a widely applied technique in cancer
research and is increasingly discussed as a supplementary tool
for molecular diagnostics, especially for individualized cancer
patient care [1-2]. With technical diversity and associated
methodological advances, standardization of microarray
analysis has become a pre-requisite for integrating this
technique into a clinical setting [2-5].

One of the major factors influencing the performance
and accuracy of microarray analysis is the source and
processing of patient samples. So far, reliable microarray
analysis is limited to fresh blood or fresh-frozen tissue
samples. However, these samples may be unavailable from
subsets of patients. The latter applies particularly to small,
endoscopic or pretherapeutic tissue biopsies, which need to
be entirely processed by formalin fixation and paraffin
embedding (FFPE) for routine diagnostic histopathology.
However, these FFPE tissue biopsies and/or cancer resec-
tion specimens, on which the primary histopathological
diagnosis was made, represent the most precious tissue
samples for molecular microarray analysis. In fact, the use
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of such FFPE samples in large-scale, microarray-based
retrospective studies from archival tissue specimens of
patients with long-term clinical follow up will strengthen
and expand the clinical relevance of gene expression
profiles obtained in cell lines and/or fresh-frozen tissues.

The need to improve molecular analyses, especially
microarray analysis from routinely FFPE-processed and
histologically classified tissue specimens, is well recognized
[6 and references therein] and has been fuelled by two main
concepts: First, alter the entire workflow of diagnostic tissue
collection and processing, for example, finding an optimal
fixative for both histopathological and molecular analyses
[7]. Second, modify “downstream” molecular techniques for
analysis of FFPE samples, as successfully shown for
quantitative RT-PCR [8, 9].

The main reasons why RNA extracts of routinely
processed FFPE tissues are of poor quality for standard
molecular analyses are (1) RNA fragmentation and (2) cross-
linking to each other, to DNA and to proteins [6, 10, 11].
This problem is solved by, for example, choosing small
fragments for detection by PCR-based methods [6, 8, 9].
RNA fragmentation and cross-linking, however, still prevent
reliable microarray-based analysis, at least for those micro-
array platforms designed for (oligo-dT primed) detection of
intact RNA sequences. Efforts to improve RNA extraction
protocols and/or further RNA processing for microarray
hybridization were partially successful [12—-15]. Major
improvements were however achieved by using a new
microarray technique, which involves cDNA-mediated
annealing, selection, extension, and ligation (DASL) as well
as random priming for detection of degraded RNA [16-18].

Moreover, promising proof-of-concept evidence on the
use of FFPE tissues for analysis of mRNA expression for
conventional oligonucleotide microarrays has recently been
provided [19-27], but the consistency of data with respect
to routinely processed diagnostic FFPE tissues is still
sparse. Above all, the use of specifically FFPE processed
cell lines [25] and cell pellets [20] or tissues with optimal
FFPE processing conditions [19, 21] may not reflect the
FFPE samples of daily routine histopathological diagnos-
tics. Recently, investigation of routinely processed fresh-
frozen and FFPE tissues of diverse cancers by microarray
was indeed successful, with the resulting mRNA expression
profiles discriminating between cancer entities [22, 23].
Using different biological entities as tissue sources may
however not have fully revealed the impact of tissue
processing on mRNA expression profiles.

Together, valuable insights into successful handling of
FFPE samples for microarray analyses have been obtained:
In the case of FFPE samples specifically prepared [19-21,
25] and using “custom-made” microarrays [21, 22, 24, 25],
microarray analyses were very successful in terms of the
percent of genes detected (up to 54%). In slight contrast,

@ Springer

investigation of FFPE tissue samples on a widely accepted
research and discussed diagnostic platform (Affymetrix)
yielded a less robust read-out, with present calls up to 30%
[20, 23, 26]. Because the efficiency of probe set detection
of 3'-5" gene sequences is low in FFPE samples due to
RNA fragmentation and the oligo-dT primed cDNA
synthesis step, a recent study [27] proposed cut-off based
analysis of probe sets located 3’ prime at the first 300—
600 bp of the gene sequence only.

Here, we present a novel approach that allows efficient
and reliable microarray analysis on Affymetrix GeneChips
(HG-U133 Plus_2) from 100 ng total RNA extracted from
microdissected (tumor) cells of archival, large, routine-
processed FFPE colorectal cancer resection specimens. This
novel approach (1) enables microarray analyses from the
available diagnostic tissue specimen of an individual case,
for example only a single small FFPE processed biopsy, (2)
provides a tool for comparative microarray analyses of
differently processed tissue samples, and (3) enables inves-
tigation of gene expression profiles in FFPE tissue samples
in a biological context. Our study therefore paves the way for
application of microarray analysis in large groups of archival
tissue samples for retrospective studies and provides a basis
of further investigation of the relevance of microarray
analysis in a clinico-pathological diagnostic setting.

Materials and methods’
Tissue specimens

The study included fresh-frozen and formalin-fixed, paraffin-
embedded (FFPE) resection specimens obtained from
patients undergoing surgery for colorectal cancer at the
Department of Surgery, University Hospital Freiburg,
Germany (approval by local ethics committee; #251/04,
Ethik-Kommission, Albert-Ludwigs Universitét, Freiburg,
Germany). Tissue specimens were subjected to routine
pathological analysis, including “frozen section” diagnostics
within 20 min from surgery and detailed macrocopic and
histopathological diagnostics [28, 29] post fixation over
night in neutral buffered formalin and paraffin embedding.
Clinico-pathological parameters of the cases are given in
Table 1. All patients had a curative (RO) resection. One
patient (1/9, case 2) was suspected to have hereditary
nonpolyposis colorectal cancer (HNPCC), as supported by
routine testing for microsatellite instability. Other cases were
sporadic colorectal cancers, with 4/9 cases (cases #6-9) also
displaying microsatellite instability [30, 31]. The histotype of

' All case-specific histopathological and RNA data, the microarray
datasets, and the results of the various clustering analyses not
explicitly shown are available from the authors upon request.
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tumors according to the World Health Organization (WHO)
[29] was tubular in 5/9 cases (cases #1-5) and mucinous in
4/9 cases (cases #6-9).

For control purposes, a colorectal cancer cell line
(HCT116, microsatellite instable; ATCC) as well as a
commercially available universal reference RNA (Stratagene)
[32] was included. Note that samples were processed at
different time points (set 1 =arrays 1-3; set 2=arrays 4-6; set
3=arrays 7-10; set 4=arrays 11, 12; set S=arrays 13—18).

Microdissection and RNA extraction

First, relevant tissue areas, containing normal colorectal
epithelial cells (resection margins at least 10 cm away
from the tumor), invasive mucinous or tubular colorectal
tumor cells were determined on hematoxylin and eosin
(HE) stained sections (Fig. 1). Manual microdissection
was then performed on serial sections stained for 15 s in
instant hematoxylin (Shandon) to enrich normal epithelial
cells or invasive tumor cells using fine needles (Fig. 1)
[30, 31, 33, 34]. The cases displayed different tumor

shows HE-stained FFPE sec-

content and after microdissection tumor cell purity was
>80% for all samples. All steps were performed under
RNase-free conditions.

For fresh-frozen tissues, ten 10-um serial sections were
cut from each specimen onto sterile slide; microdissected
cells were transferred into lysis buffer, mechanically
disrupted by vigorous vortexing and Qiashredder columns.
This was followed by RNA isolation and elution of RNA in
30 pl RNase-free water, according to the manufacturer’s
protocol (RNeasy Kit, Qiagen).

For FFPE tissues, four 5-pm serial sections were
deparaffinized in xylene and graded ethanol [30, 33, 34]
and RNA from microdissected cells was isolated using the
RNeasy FFPE Kit with an additional DNase digestion step
and elution of RNA in 15 ul RNase-free water (Qiagen).

All RNA samples were assessed for RNA quantity and
quality using both the NanoDrop system (ND1000, Peqlab)
as well as the Bioanalyzer 2100 system providing RNA
integrity numbers [35] (RNA 6000 Nano LabChip, Agilent)
(Table 1). The (tumor) cell content and RNA elution
volumes were different for the processed samples, so

a
Fig. 1 Representative examples .
of dissuo samples procossed for Normal Tubular tumor Mucinous tumor
microarray analysis. Panel (a) (case #4) (case #4) (case #9)

tions of normal colorectal epi-
thelium (/eft, case 4) as well as
invasive tumor cells of a tubular
(middle, case 4) and mucinous
(right, case 9) colorectal tumor.
Panel (b) shows hematoxylin
and eosin (HE)-stained tissue
sections of a matched fresh-
frozen (left) and FFPE (right) b
tumor (case 3). Invasive tumor

cells were selected for micro-

dissection (black dashed lines), Fr

RNA isolation, and microarray
analysis (“Materials and
methods” section). Bioana-
lyzer2100 analysis of the
corresponding tumor cell RNA
extracts are given below, with
high RNA quality of
fresh-frozen tumor cells
(RIN=7.0, good detection of
18S and 28S rRNA peaks) and
poor RNA quality of FFPE

esh-frozen

/Case #3\

Tumor cells

tumor cells (RIN=2.1; major FU
fragmentation, no detection of
18S and 28S rRNA). Refer also 10
to Table 1

(>90%) (>90%)
¥ a' RIN=7.0| [ RIN=2.1
zls zéal mloo I 14;‘)0 () 5 M 00 40 (n)
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RNA concentrations differed between cases as well as
between matched fresh-frozen and FFPE tissues. The
different quantity of RNA was not a limiting factor, as only
100 ng of total RNA was required for further microarray
processing.

In addition, after first strand cDNA synthesis for
microarray hybridization (below), a 2-ul aliquot was taken
for additional analysis of 3’ and 5’ located sequences of
the 3-actin gene (primers, probes, and reaction conditions
according to Appendix B of the “Paradise Reagent
System” protocol, Arcturus). The mean of the threshold
cycles (Ct) of duplicate Q-RT-PCR analysis were used for
calculation of the 3’ to 5’ (3-actin ratio for each sample
(Table 1).

RNA processing for microarray analysis

For hybridization to the HG-U133 Plus 2 GeneChip
(Affymetrix), 100 ng of total RNA (as measured by
Nanodrop, ND1000, Peqlab) were processed by the WT-
Ovation™ FFPE RNA Amplification System (NuGEN)
with slight modifications: After first strand cDNA synthesis,
2 ul of cDNA was saved for Q-RT-PCR analysis of 3’ and 5’
sequences of the {3-actin gene (see above). The rest of 8 ul
cDNA was processed for the second strand cDNA synthesis
and Agencourt RNAClean bead purification. Purified cDNA
was further processed by linear SPIA amplification, purifi-
cation by the Qiaquick Purification Kit (Qiagen) and
subsequent spectrophotometric measurement (Nanodrop,
ND1000, Peglab). For each sample, 5 pg of purified cDNA
was then subjected to fragmentation and labelling using the
FL-OvationTM c¢DNA Biotin Module V2 (NuGEN) accord-
ing to the manufacturer’s protocols. Fragmented and labelled
cDNAs were stored at —20°C until use. Quality of all
processed cDNA samples was assessed before and after
fragmentation and labelling using the Bioanalyzer2100
system (RNA 6000 Nano LabChips, Agilent).

Microarray analysis

The entire fragmented and labelled cDNA (5 pg) of each
sample was hybridized to the HG-U133 Plus_2 GeneChips
(Affymetrix) by mixing 5 ul control oligonucleotide B2,
15 pl of 20x Eukaryotic Hybridization controls, 150 pl of
2x Hybridization buffer, 30 pl DMSO, 50 ul water
(Affymetrix), and the fragmented and labeled cDNA.
Hybridization was for 18 h at 45°C with rotation (60 rpm;
GeneChip Hybridization Oven 640, Affymetrix).
Subsequently, microarrays were washed and stained using the
“GeneChip Hybridization, Wash and Stain Kit” (Affymetrix)
with the GeneChip Fluidics work station 450 and wash
protocol “450 0001”. The scans were performed on the
GeneChip Scanner 3000.

Microarray data evaluation and statistical testing

After microarray scanning, .cel files were generated by
GCOS software (Affymetrix) and raw data was further
processed using the sequence dependent GeneChip robust
multi-array average expression measure (gcrma) [36]
implemented in the corresponding BioConductor R statis-
tical programming software package. Weakly regulated and
therefore noisy and less informative probe sets were
eliminated unsupervised by filtering according to standard
deviation across all samples. For comparisons of measure-
ments obtained from FFPE and fresh-frozen samples, an
additional quantile normalization step of each array was
applied to ensure that the observed effects are not due to
global changes in the intensity levels. Average linkage
hierarchical cluster analysis was performed using the R
multi-dimensional analysis package “amap”. Pearson cor-
relation was used as distance measure. For clustering, the
intensities for each probe set were standardized to mean
zero and to a standard deviation of one.

For quality control, all standard assessment criteria
implemented in the R package “simpleaffy” [37] were
evaluated. To determine the effect of RNA fragmentation
on microarray hybridization, the decrease in intensities
between 5’ and 3’ ends for all the probe sets with 11 probes
(99%) was calculated. To evaluate the reproducibility of
individual gene detection, the correlation between probe
sets belonging to the same gene (i.e., replicates) were
calculated. Again, informative genes were selected unsu-
pervised according to measured regulation. For comparison,
a reference distribution was generated by a random
selection of probe set pairs from the same set of the mostly
regulated genes.

Supervised clustering analysis was performed after
selection of class separating genes (here different cases),
which were obtained by ranking of p values from standard
analysis of variance (ANOVA). This ranking corresponds to
the order of probe sets obtained after estimation of the false
discovery rate according to Benjamini and Hochberg [38].
The design of our experiments was chosen to ensure that
the grouping of the samples according to the five cases is
orthogonal to the grouping according to the two types of
tissue processing.

Unsupervised clustering analyses were performed after
selection of the most variable probe sets between samples
analyzed (see “Results” section). Elimination of the
measurement difference observed between fresh-frozen
and FFPE samples was done by centering the log intensities
of each probe set independently to mean of zero in both
groups. Because this step is independent on the case pair
information, the results are still unsupervised with respect
to the cases. Unsupervised clustering was done post
correction as above for the most variable probe sets.
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Validation of mRNA expression profiles by Q-RT-PCR
and immunohistochemistry

For validation of mRNA expression profiles obtained,
established Q-RT-PCR analysis of five genes [8, 30, 33,
34, 39, 40] was performed on the RNA extracts also used
for microarray analysis. In brief, 600 ng of RNA were
transcribed into 60 pl cDNA using MMLV. For each gene,
3 ul of cDNA, 3 pl of water, and each 3 pl forward and
reverse primer, 3 pl TagMan probe, 15 pl universal master
mix were run for 40 cycles under standard conditions
(Applied Biosystems). The resulting cycle threshold (Ct)
values were used for comparison with microarray data and
the 209Y formula for comparing gene expression patterns
between different tissue samples with an universal reference
RNA for normalization [32].

For immunohistochemistry of TOPOIla, TYMS (TS), and
STK6 (Aurora-A, STK15) [40], serial sections of FFPE tissues
were deparaffinized, pretreated in a steamer (TOPOIla=pH 9;
TYMS=pH 6; STK6=pH 9) and stained (TOPOIla=1:50
mouse mAb, DCS/Abcam, Cambridge, UK; TYMS=1:75
mouse mMAB, clone TS106, DAKOCytomation, Glostrup,
Denmark; STK6=1:50 Aurora Kinase 2, clone JLM28, Loxo/
Novocastra, Dossenheim, Germany) according to standard
protocols on an autostainer (DAKOCytomation).

Results

Comparison of RNA extracts of fresh-frozen and fixed
tissue specimens

RNA extracts of microdissected FFPE tissues were of
poorer quality (range of RINs [35]=1.9-2.6) as those
obtained after microdissection of matching fresh-frozen
tissues (range of RINs=7.0-9.0), the cancer cell line
HCTI116 (RIN=9.2), and the universal reference RNA
(uRNA [32], RIN=7.6) (“Materials and methods” section;
Table 1; Fig. 1).

The higher extent of RNA fragmentation in FFPE
samples was also reflected by Q-RT-PCR analysis for 3’
and 5' located sequences of the (3-actin gene (‘“Materials
and methods” section, Table 1). Fresh-frozen samples
yielded RNA with a 3'/5' ratio close to a perfect correlation
of 1 (0.96+0.04), whilst this was reduced in FFPE samples
(0.85+0.03). The HCT116 and uRNA RNA samples had
3'/5" B-actin ratios of 0.97 and 1.02, respectively.

Examination of standard and extended quality control
parameters in microarray data sets

Irrespective of their performance in NanoDrop, Bioana-
lyzer2100, or Q-RT-PCR analysis, all RNA samples (except
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uRNA and case 6/fresh-frozen) were hybridized to the HG-
U133 Plus 2 GeneChip (“Materials and methods” section).
Successful hybridization was seen for all 18 samples
(present calls=53.9% cell line HCT116; 49.90+4.43%
fresh-frozen samples; 36.34+9.60% FFPE samples), with
microarrays in an acceptable range of first line quality
controls by “simpleaffy” software analysis [37] (Table 1,
Supplementary Data Fig. 1).

Further to this, additional parameters of reliability,
information content, and reproducibility were examined in
detail in the matched fresh-frozen and FFPE samples
(“Materials and methods” section): First, a slight reduction
of signal intensities at the 5’ located probes was observed
for FFPE as compared to fresh-frozen samples (Fig. 2a),
independent of raw data processing in gcrma, rma, or mas5
[37, 41]. Second, correlation of gene-specific (“informa-
tion”) as compared to random (“no information”) probe set
replicates was shifted towards a perfect correlation of “1”
(Fig. 2b), although less pronounced for FFPE samples.
Third, the overlap, i.e., concordance of probe sets from
fresh-frozen and FFPE samples, was high (Fig. 2c).
Finally, correlation of all signals between microarray
datasets (Supplementary Data Fig. 2) yielded a high
reproducibility within fresh-frozen (+°=0.949) and FFPE
(*=0.923) samples and a high fidelity for matched fresh-
frozen and FFPE samples (case 1—*=0.894; case 2—>=
0.909; case 3—r2=0.901; case 4—r2=0.938; case 5—?=
0.910). The mean correlation of microarrays of all samples
was 1°=0.899.

Gene expression profiles in fresh-frozen and FFPE tissue
samples of colorectal tumors

First, microarray datasets of matched fresh-frozen and
FFPE samples were analyzed by supervised clustering after

Fig. 2 Summary of detailed microarray datasets analyses. Panel (a) p
shows the intensity of probe signals (y-axis) according to probe location
within the gene sequence (x-axis) for the investigated samples. Note that
for FFPE samples (dashed lines), loss of intensity is observed with
increasing location of the probes towards the 5 location of sequences.
Panel (b) shows results of the correlation of intensities of gene-specific
probe set replicates (blue bars) as compared to random probe sets (red
bars) for all samples (top) and FFPE (middle) and fresh-frozen (bottom)
samples separately. Note that, for all samples (fop), the correlation
(y-axis) is high for replicate probe sets (shift to 1 on x-axes) as
compared to random probe sets (distribution from —1 to 1 on x-axes).
Separate analysis of only fresh-frozen and FFPE showed essentially the
same, but the effect was more pronounced for fresh-frozen samples.
Panel (c) provides the results of concordance analysis of all probe sets
from fresh-frozen and FFPE samples (fop) and, as an example, of the
top 100 regulated probe sets (lower). Note that, for the latter, an overlap
of 44% of the probe sets is observed, as indicated in the lower graph on
the y-axis and by the Venn diagram (/ight line=fresh-frozen, dark line=
FFPE). By chance, not a single probe set would be expected (0.18%,
indicated on x-axis)
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pre-selection of the most differentially expressed genes
between cases (“Materials and methods” section). Not
surprisingly, the resulting heatmaps and corresponding
dendrograms showed clustering of fresh-frozen and FFPE
samples strictly according to individual cases (Fig. 3a). This
was not influenced by the number of pre-selected genes.

In view of the measurement difference in microarray
datasets of fresh-frozen and FFPE samples (Fig. 2b,c), we
next tested whether case-specific information is sustained if
no presumptions are made. For this unsupervised clustering
using the most variable probe sets (“Materials and
methods” section), we also included the cell line sample
(HCT116, an optimal RNA sample) and the FFPE sample
of case #6 (derived from 2003 as compared to case #1-5
FFPE samples of 2007/2008) to obtain preliminary infor-
mation if the source and/or age of the samples have an
effect on microarray analysis.

This resulted in a clear-cut separation of samples
according cell/tissue processing, whereby fresh-frozen
samples and the cell line HCT116 formed one cluster and
all FFPE samples were found in a second cluster (Fig. 3b).
Within these two clusters, the cell line was separated from
the fresh-frozen tissues and the case #6 FFPE sample from
the more recent case #1-5 FFPE samples, suggesting that
the source and/or age of the samples may impact mRNA
expression profiles. As assessed by Affymetrix GCOS
software, the percent of apparently “down-” or “up-”
regulated (i.e., discordant) probe sets in matched fresh-frozen
and FFPE samples was 7-12% and 6—-11%, but was similar
(8-12% and 6-12%, respectively) upon cross-examination of
fresh-frozen and FFPE samples of two different cases. The
list of differentially “regulated” (i.e., discordant) genes
determined by unsupervised clustering of the 1,000 most
variable probe sets, is given in Supplementary Table 1.

Correction of microarray datasets allows comparative
analysis of fresh-frozen and FFPE tissue samples

To account for the measurement difference in fresh-frozen
and FFPE samples (Fig. 2a,b), we next tested whether a
mathematical correction step allows comparative analysis
of microarray datasets derived from differently processed
clinical samples (“Materials and methods” section). For
this, we subtracted the average log intensity for each probe
set separately in the groups of fresh-frozen and FFPE
samples. This correction step is the most obvious adjust-
ment accounting for probe set dependent measurement
differences, it is multi-directional and is independent on the
intensities measured (Supplementary Data Fig. 3).

Indeed, unsupervised clustering analysis with corrected
datasets of matched fresh-frozen and FFPE samples clearly
separated samples according to the individual cases,
irrespective of tissue processing (Fig. 3c, list of probe sets

@ Springer

is given in Supplementary Table 1). The results were
independent of the number of probe stets used, similar for
raw data processing in gcrma (Fig. 3c), rma or mas5 and if
only probe sets with positive present call were used.
Moreover, upon unsupervised clustering with uncorrected
or corrected microarray datasets including all 50,000 probe
sets, samples clustered according to tissue processing or
according to case, respectively (Supplementary Data Fig. 4).
Therefore, the correction step preserves case-specific infor-
mation in fresh-frozen and FFPE tissue samples, i.e.,
reflecting the molecular biology of individual tumors
independent of tissue processing.

Validation of gene expression profiles in matched
fresh-frozen and FFPE samples by Q-RT-PCR

Q-RT-PCR analysis was performed for detection of the
housekeeping gene TATA-box binding protein (TBP) and
the five genes thymidylate synthase (TYMS), survivin,
signal transducer and activator of transcription STAT1 and
STATS in the fresh-frozen and FFPE tumor tissues
(“Materials and methods” section, Fig. 4a—f) [8, 30, 33,
34, 39, 40]. Correlation between microarray and Q-RT-PCR
data in matched fresh-frozen and FFPE tumor samples was
acceptable for 4/5 genes (range =0.4867 to 1*=0.8044),
but failed for 1/5 genes (STATI, r*=0.00029, Fig. 4e).
Upon separate analysis of fresh-frozen and FFPE tumor
samples, good correlations of microarray and Q-RT-PCR
data (+*=0.9866 and r*=0.5109, respectively) were also
obtained for STAT1 (Fig. 4f). Besides the possible technical
bias introduced by the design of Q-RT-PCR primers, only
detecting one 124 bp region within the STAT1 gene as

Fig. 3 Gene expression profiles of fresh-frozen and FFPE colorectal p
tumors. Panel (a) shows the heatmap and corresponding dendrogram of
supervised clustering analysis of matched fresh-frozen and FFPE samples
after pre-selection of the 1,000 most differentially expressed genes
between cases, as determined by ANOVA (“Materials and methods”
section). Panel (b) shows the heatmap and dendrogram of unsupervised
clustering with the 1,000 most variable probe sets in matched fresh-frozen
and FFPE samples (case #1-5) as well as one freshly harvested cell line
(CL) and one older FFPE sample (case #6) as “controls” (“Materials and
methods” section). Panel (¢) shows the heatmap and dendrogram of
unsupervised clustering analysis of matched fresh-frozen and FFPE
samples with the 1,000 most variable probe sets after correction for the
measurement difference of fresh-frozen and FFPE sample microarray
datasets (“Materials and methods” section). Numbers and filled circles
provide case identity and tissue processing (/ight circles=fresh-frozen;
dark blue circles=FFPE); CL cell line HCT116. The color bar of
expression levels is given at the fop of the figure (green=low expressed
genes; red=highly expressed genes). Note that after the correction step
(panel ¢), the unsupervised clustering was strictly according to the case-
specific biology and not tissue processing (panel b) and that the
relatedness of cases was the same for as for supervised clustering (panel
a). Refer also to main text and Supplementary Figure 4 (unsupervised
clustering with or without correction with all 50,000 probe sets)
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opposed to the microarray probe set spanning the entire
STAT1 gene, this may also indicate an (additional) effect of
the duration of tissue processing on rapid turnover genes.

Gene expression profiles in normal and malignant
colorectal FFPE tissue samples

Having shown that comparison of microarray datasets from
fresh-frozen and FFPE tissue samples is possible, we next
examined whether microarray analysis of FFPE samples
alone yields biologically relevant information. For this, we
examined “biological replicates” of normal colorectal
epithelium (n=3) and invasive tumors (n=9), with different
tumor histotypes (5/9 tubular, 4/9 mucinous [29]).
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signal) Microarray: log2(signal)
Unsupervised clustering analysis by using the 1,000
most variable probe sets across all FFPE samples indeed
yielded informative data on the biological context of the
“replicates” (Fig. 5a). First, there was a clear distinction
between normal epithelial and invasive tumor cell samples
(list of probe sets is given in Supplementary Table 1).
Genes down- and up-regulated in tumors included for
example ANPEP, BMP2, MTIH (down) and CSPG2,
KPNA2, COL1A2, SPARC, ALDOA, and SORD (up), as
previously identified by us [42]. Other genes differentially
expressed included for example the known genes TOPOIlla
(topoisomerase Ila), TYMS (thymidylate synthase), and
STK6 (Aurora-A), which were clearly up-regulated in
tumors. Moreover, there was a clear distinction between
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Fig. 5 Gene expression profiles of normal and malignant colorectal FFPE
tissues. Panel (a) shows the heatmap and dendrogram of unsupervised
clustering of all 12 FFPE samples with the 1,000 most variable probe sets
(“Materials and methods” section). Numbers and colored circles provide
case and tissue identity (filled dark blue circles=tumors; lined dark blue
circles=normal colorectal epithelium). The color bar of expression levels
is given at the top of the figure (green=low expressed genes; red=highly
expressed genes). Note that (1) normal colorectal epithelium and invasive
tumor samples clustered separately and that (2) within the tumor samples
the two different histological subtypes were further separated in two
corresponding clusters. Panel (b) shows correlation of Q-RT-PCR and

Q-RT-PCRforTS Microarray forTS

sl

Normal tub. Tu muc. Tu

Normal tub. Tu muc. Tu

Q-RT-PCRfor STK6 Microarray for STK6

Case 4 (normal)

Case 1 (tubular tumor)

LJMl

Normal tub. Tu muc. Tu

Normal tub. Tu muc. Tu

Case 4 (iubular tumor}

) Cases{mucinoustumo_r)
STKs | ﬁﬂ ‘E?I“ ‘
A 4

microarray data (mean+std. dev) for TYMS (TS; fop row) and STK6
(bottom row) expression in normal epithelial and invasive (tubular or
mucinous) tumor cells. Panel (¢) shows representative examples of
immunohistochemistry for top row TOPOIlla (10x) in normal epithelium
and invasive tumor (case #4, note the increased TOPOIla staining in
invasive tumor cells), for middle row TYMS/TS protein expression (40x)
in a tubular (case #4, leff) and a mucinous (case #7, right) tumor (note the
higher rate of nuclear TYMS/TS staining in case #7), and for bottom row
STKG6 protein expression (40x) in a tubular (case #1, leff) and a mucinous
(case #6, right) tumor (note the higher intensity of STK6 staining in case
#1)
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expression profiles from tubular (CIN-type) and mucinous
(MIN-type) sporadic cancers (list of probe sets is given in
Supplementary Table 1): The cell-cycle-associated gene
thymidylate synthase (TYMS) as well as the centrosome-
associated gene STK6 was identified not only to be up-
regulated in tumors but also to be differentially regulated in
the two histotypes of colorectal tumors (TYMS/TS, highest
expression in mucinous tumors; STK6, highest expression
in tubular tumors).

Validation of gene expression profiles in normal
and malignant FFPE samples by Q-RT-PCR
and immunohistochemistry

Q-RT-PCR and immunohistochemistry were used to vali-
date TYMS, STK6, and TOPOIla expression within the
different “biological replicates” of normal colorectal epi-
thelium and colorectal cancer specimens (“Materials and
methods” section, case #2 excluded due to familiar
HNPCC-associated biology as opposed to sporadic colo-
rectal cancers in cases #1 and #3-9).

Both Q-RT-PCR and microarray analyses revealed high-
est TYMS expression in mucinous tumors, followed by
tubular tumors and normal epithelium (Fig. 5b). In addition,
both Q-RT-PCR and microarray analyses showed highest
STK6 expression in tubular tumors, followed by mucinous
tumors and normal epithelium (Fig. 5b).

Irrespective of potential post-translational modifications,
TOPOIla, TYMS, and STK6 protein expression largely
reflected mRNA levels of microarray and Q-RT-PCR
analyses (Fig. 5c). Protein expression of (1) TOPOIla was
increased in tumors as compared to normal epithelial
tissues, (2) nuclear TYMS appeared to be present at a
higher rate in mucinous as compared to tubular tumors, and
(3) STK6 was more highly expressed in tubular as com-
pared to mucinous tumors.

Discussion

Routinely processed formalin-fixed and paraffin-embedded
(FFPE) tissue samples represent an extensive and valuable
source for large-scale, microarray-based retrospective stud-
ies. So far, reliable genome-wide microarray analyses of
human tissue specimens are limited to the use of fresh-
frozen tissue samples, in which the RNA molecules are still
largely intact [1-6]. Here, we demonstrate that microarray
analysis is possible, precise, and reliable from small
amounts of RNA extracted after microdissection of tumor
cells from FFPE tissue specimens processed for routine
histopathological diagnostics. Furthermore, by mathemati-
cal correction of the different quality of fresh-frozen and
FFPE sample microarray datasets, comparative analyses are
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possible irrespective of tissue processing. Most importantly,
biologically relevant information can be obtained by
microarray analysis of microdissected cell samples from
different FFPE tissue specimens such as normal colorectal
epithelium and invasive colorectal tumor cells or even
different tumor histotypes of colorectal cancer [29].

The present study included fresh-frozen and FFPE
samples of routinely processed colorectal cancer resection
specimens and microarray analysis was successful in all
samples, irrespective of the rather poor quality RNA in
FFPE samples. Present calls (mean 36.44+9.6% for all
normal and malignant colorectal FFPE tissues) were
higher than in previous studies also using Affymetrix
GeneChips [20, 23, 26]. This high performance in FFPE
samples is most likely due to random priming of
(degraded) RNA for cDNA synthesis, which is also an
integral part of robust Q-RT-PCR approaches for FFPE
samples [6, 8, 30, 33, 34, 40]. As optimal RNA integrity is
difficult to guarantee entirely in a day-to-day clinico-
pathological setting, random priming of cDNA synthesis
may represent a major step forward to making (Q-RT-PCR
and/or) microarray analysis more widely applicable to
routine diagnostic tissue specimens.

Importantly, our approach works with small amounts
(100 ng) of total RNA isolated from microdissected (tumor)
cells of tissue sections derived from large diagnostic
primary colorectal cancer resection specimens, i.e., distin-
guishing it from the previous reports on investigation of cell
lines [25], cell pellets [20], and specifically prepared tissues
[19, 21] and/or entire tissue “pieces” [18, 19, 25]. Our
approach is feasible and reliable for a molecular (patholog-
ical) laboratory in a clinical environment, as demonstrated
by performing the laboratory protocol at different time
points for different samples and by applying a practicable
microdissection step, which rules out gross contamination
of “tumor”-specific microarray datasets by for example
stromal cells [42]. Manual- [22, 26] and laser-assisted [21,
24] microdissection had been combined with microarray
analysis of FFPE samples before, but required one or two
steps of—(potentially biasing [43, 44])—in vitro transcrip-
tion to obtain sufficient material for microarray hybridiza-
tion. Still, subsequent studies should further strengthen the
feasibility and performance of our approach in other
laboratory settings and/or its application to other organ
systems, for example those with higher RNase activities.

With reliable microarray datasets obtained from matched
fresh-frozen and FFPE tissue samples of one cancer entity,
our study also revealed the effect of tissue processing on
microarray datasets. Previous studies [22, 23] also included
matched fresh-frozen and FFPE samples, but as these were
of different cancer entities the resulting clustering was
primarily in favor of discriminating cancer entities. Inter-
estingly, in these studies a clear separation of fresh-frozen
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and FFPE samples occurred within the cancer clusters [22,
23]. This was similar to our findings of matched fresh-
frozen and FFPE colorectal cancer samples and we further
examined this phenomenon.

Although microarray datasets were informative, repro-
ducible, and accurate within the groups of fresh-frozen and
FFPE samples, we identified a so far neglected systematic
measurement difference between fresh-frozen and FFPE
samples. Not surprisingly, we found reduced signal inten-
sities at probe sets corresponding to 5’ located gene
sequences in FFPE samples. This was also exemplified by
a poor correlation of microarray to Q-RT-PCR data for 1/5
tested genes (STATI1) between fresh-frozen and FFPE
samples. Different localization of Q-RT-PCR primers and
microarray probe sets within gene sequences, the efficiency
of cDNA synthesis and the length of the Q-RT-PCR
product may have influenced the correlation. The time of
tissue processing may however be an additional variable,
preferentially affecting specific genes, such as for example
those induced by tissue hypoxia [45, 46]. Still, as all our
microarray datasets were proven to be informative and
reproducible, we examined whether patient-specific gene
expression information is preserved in the fresh-frozen and
FFPE samples of the same case. For this, we eliminated the
measurement difference of fresh-frozen and FFPE samples
at the level of data processing and demonstrated that this
preserved the individual biology of the sample, i.e., patient
information. Further, detailed studies are clearly warranted
to fully investigate genes and biological pathways affected
by tissue processing and to further confirm the correction
step in independent sample sets, for example, by its
application to existing microarray datasets [22, 23, 26].

Clearly, microarray analysis of FFPE samples from
tissue specimens of different biological background by
our approach yielded gene expression profiles that not
only distinguished between normal and malignant colo-
rectal cells, but also correctly recognized the different
tumor histotypes of colorectal cancers described by the
WHO [29].

Specifically, we detected ten genes differentially
expressed in microdissected normal colorectal epithelial
and invasive tumor cells, also previously identified by us in
an unrelated set of fresh-frozen samples [42]. Validation of
three additional genes by Q-RT-PCR and/or immunohisto-
chemistry further supported our microarray results, with
tumors expressing high levels of topoisomerase Ila (TOP-
Olla), thymidylate synthase (TYMS, TS), and the centro-
some-associated kinase STK6 (Aurora-A, STK15, BTAK).
Moreover, TYMS and STK6 were shown to be differentially
expressed in sporadic tubular and mucinous tumors by
microarray, Q-RT-PCR and immunohistochemical analyses.
The sporadic tubular and mucinous tumors studied here were
of the chromosomal- (CIN) and microsatellite (MIN)-instable

type, respectively (Table 1, “Materials and methods”
section). It is known that STK6 (STK15, AURKA) is
amplified and overexpressed [30,31] preferentially in CIN
tumors, whilst MSI tumors exhibit a higher proliferation
rate [47] and associated need for TYMS. This is, at least
partially, reflected in the present microarray, Q-RT-PCR,
and immunohistochemical analyses.

In summary, the presented microarray approach is a
highly valid tool to examine biological gene expression
profiles from large-scale series of archival tissue specimens,
allowing an extended insight into the molecular biology of
cancers “ex/in situ”. Its relevance for and potential
integration into a clinico-pathological diagnostic setting
however still awaits further investigation.
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