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Throughout the last decade many laboratories have
shown that mRNA levels in formalin-fixed and paraf-
fin-embedded (FPE) tissue specimens can be quanti-
fied by reverse transcriptase-polymerase chain reac-
tion (RT-PCR) techniques despite the extensive RNA
fragmentation that occurs in tissues so preserved. We
have developed RT-PCR methods that are sensitive,
precise, and that have multianalyte capability for po-
tential wide use in clinical research and diagnostic
assays. Here it is shown that the extent of fragmenta-
tion of extracted FPE tissue RNA significantly in-
creases with archive storage time. Probe and primer
sets for RT-PCR assays based on amplicons that are
both short and homogeneous in length enable effec-
tive reference gene-based data normalization for
cross comparison of specimens that differ substan-
tially in age. A 48-gene assay used to compare gene
expression profiles from the same breast cancer tis-
sue that had been either frozen or FPE showed very
similar profiles after reference gene-based normaliza-
tion. A 92-gene assay, using RNA extracted from three
10-pm FPE sections of archival breast cancer speci-
mens (dating from 1985 to 2001) yielded analyzable
data for these genes in all 62 tested specimens. The
results were substantially concordant when estrogen
receptor, progesterone receptor, and HER2 receptor
status determined by RT-PCR was compared with im-
munohistochemistry assays for these receptors. Fur-
thermore, the results highlight the advantages of RT-
PCR over immunohistochemistry with respect to

quantitation and dynamic range. These findings sup-
port the development of RT-PCR analysis of FPE tissue
RNA as a platform for multianalyte clinical diagnostic
tests. (Am J Pathol 2004, 164:35-42)

Throughout the last decade more than a dozen different
laboratories have demonstrated that it is possible to mea-
sure mRNA levels (ie, profile gene expression) using
fixed, paraffin-embedded tissue as a source of RNA,
despite the fact that RNA extracted from formalin-fixed
and paraffin-embedded (FPE) tissue is often present in
fragments less than ~300 bases in length.”~® This meth-
odology has great potential to facilitate discovery and
development of new diagnostic assays and therapeutic
agents for two reasons.® First, the prognostic/predictive
potential of gene expression profiles (ie, to define new
subcategories of known diseases with different prog-
noses and possible dissimilar responses to drugs) is now
evident from the work of a number of groups.''2 Sec-
ond, FPE tissue represents by far the most abundant
supply of solid tissue specimens associated with clinical
records. The standard process for handling biopsy spec-
imens has been, and still is, to fix tissues in formalin and
then embed them in paraffin (FPE). Reverse transcrip-
tase-polymerase chain reaction (RT-PCR) assay of FPE
RNA can enable fast, large, and relatively inexpensive
clinical trials to validate its potential in routine clinical
diagnostic assays.

We therefore have sought to develop RT-PCR assays
that measure FPE RNA and are optimized with respect to
sensitivity, accuracy, reproducibility, and precision. The
capability of gene expression analysis to provide diag-
nostic information of greatest utility hinges on measuring
the contributions of multiple genes, often dozens or
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more.""™"7 Consequently, we have also sought to de-
velop RT-PCR assays of FPE RNA that measure the ex-
pression of many genes at once from small amounts of
archival tumor blocks. The present study describes re-
sults with 48- and 92-gene assays.

Materials and Methods

Tissue Specimens

Archival breast tumor FPE blocks and matching frozen tu-
mor sections were provided by Providence-St. Joseph
Medical Center, Burbank CA. Fixed tissues were incubated
for 5 to 10 hours in 10% neutral-buffered formalin before
being alcohol-dehydrated and embedded in paraffin.

RNA Extraction Procedure

RNA was extracted from three 10-um FPE sections per
each patient case. Paraffin was removed by xylene ex-
traction followed by ethanol wash. RNA was isolated from
sectioned tissue blocks using the MasterPure Purification
kit (Epicenter, Madison, WI); a DNase | treatment step
was included. RNA was extracted from frozen samples
using Trizol reagent according to the supplier’s instruc-
tions (Invitrogen Life Technologies, Carlsbad, CA). Re-
sidual genomic DNA contamination was assayed by a
TagMan (Applied Biosystems, Foster City, CA) quantita-
tive PCR assay (no RT control) for B-actin DNA. Samples
with measurable residual genomic DNA were resub-
jected to DNase | treatment, and assayed again for DNA
contamination.

FPE Tissue RNA Analysis

RNA was quantitated using the RiboGreen fluorescence
method (Molecular Probes, Eugene, OR), and RNA size
was analyzed by microcapillary electrophoresis using an
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo
Alto, CA).

TagMan Primer and Probe Design

For each gene, we identified the appropriate mRNA ref-
erence sequence (REFSEQ) accession number and ac-
cessed the consensus sequence through the NCBI En-
trez nucleotide database. RT-PCR primers and probes
were designed using Primer Express (Applied Biosys-
tems, Foster City, CA) and Primer3 programs.'® Oligonu-
cleotides were supplied by Biosearch Technologies Inc.
(Novato, CA) and Integrated DNA Technologies (Cor-
alville, IA). Amplicon sizes were preferably limited to less
than 100 bases in length (see Results). Fluorogenic
probes were dual-labeled with 5’-FAM as a reporter and
3'-BHQ-1 as a quencher.

Reverse Transcription

Reverse transcription (RT) was performed using a Super-
Script First-Strand Synthesis kit for RT-PCR (Invitrogen

Corp., Carlsbad, CA). Total FPE RNA and pooled gene-
specific primers were present at 10 to 50 ng/ul and 100
nmol/L (each), respectively.

TagMan Gene Expression Profiling

TagMan reactions were performed in 384-well plates ac-
cording to instructions of the manufacturer, using Applied
Biosystems Prism 7900HT TagMan instruments. Expres-
sion of each gene was measured either in duplicate 5-ul
reactions using cDNA synthesized from 1 ng of total RNA
per reaction well, or in single reactions using cDNA syn-
thesized from 2 ng of total RNA, as indicated. Final primer
and probe concentrations were 0.9 wmol/L (each primer)
and 0.2 wmol/L, respectively. PCR cycling was per-
formed as follows: 95°C for 10 minutes for one cycle,
95°C for 20 seconds, and 60°C for 45 seconds for 40
cycles. To verify that the RT-PCR signals derived from
RNA rather than genomic DNA, for each gene tested a
control identical to the test assay but omitting the RT
reaction (no RT control) was included. The threshold
cycle for a given amplification curve during RT-PCR oc-
curs at the point the fluorescent signal from probe cleav-
age grows beyond a specified fluorescence threshold
setting. Test samples with greater initial template exceed
the threshold value at earlier amplification cycle numbers
than those with lower initial template quantities.

Normalization and Data Analysis

To compare expression profiles between specimens,
normalization based on six reference genes was used to
correct for differences arising from variability in RNA
quality and total quantity of RNA in each assay. A refer-
ence Cy (threshold cycle) for each tested specimen was
defined as the average measured C of the six reference
genes. In an approach similar to what has been de-
scribed by others, six reference genes were selected for
use from among 10 candidate reference genes tested in
this assay.'® Reference gene candidates were selected
from among those well-known in the literature as com-
monly constitutively expressed genes across a wide
range of tissues and biological conditions. The six genes
selected for the final analysis showed the lowest levels of
expression variability among the patient specimens
tested. An average of six reference genes was used to
minimize the risk of normalization bias that can result from
variation in expression of any single reference gene.?®
Relative mRNA level of a test gene within a tissue spec-
imen was defined as 2°°T+10.0, where A C; = C; (test
gene) — C; (mean of six reference genes). In the figures,
unless indicated otherwise, normalized expression is rep-
resented on a scale in which the average expression of
the six reference genes is 10, corresponding to a mean
Cy of 30.7.

Statistical Analysis

Correlation of gene expression analyses was done using
Pearson linear correlation. Cluster analysis was done
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Figure 1. Size distribution of FPE tissue RNA from 12 tumor specimens. Total
RNA was extracted from breast cancer specimens as described in Materials
and Methods. One ul from each RNA extract (1/30 of the sample) was
analyzed using an Agilent 2100 Bioanalyzer, RNA 6000 Nanochip. Lanes
1-4, 5-8, and 9-12 contain RNA from samples archived 1, 6, and 17 years,
respectively. Lanes M1 and M2 contain two different sets of molecular
weight marker RNA (sizes denoted in bases).

using 1-Pearson R as the distance metric and single
linkage hierarchical clustering.

Results

FPE Tissue RNA Fragmentation Increases with
Archive Storage Time

Capillary electrophoresis analysis of RNA extracted from
archival FPE breast cancer specimens shows that the
RNA exists primarily as fragments of less than 300 bases
in length. This is consistent with findings of others.®2"
Figure 1 presents RNA-sizing results from specimens
archived for substantially different durations. As shown,
breast cancer tissue RNA archived for ~1 year had larger
average molecular weight than RNA archived for ~6 or
17 years (note detectable 18S RNA at ~2000 bases in
the 1-year-old specimens). All of these specimens came
from one source (Providence Hospital, Burbank, CA) and
throughout this 17-year period all specimens were fixed
using the same formalin fixation protocol (see Materials
and Methods for details). This therefore suggests that
fragmentation of FPE tissue continues to occur after
specimens are dehydrated and embedded in wax.

Results from a 92-Gene Assay: Impact of
Amplicon Length on Normalization

Expression of 92 different genes was profiled (single well
per gene) across 62 different FPE breast cancer speci-
mens that had been archived from 1 to 17 years. All
specimens yielded an adequate quantity of RNA for anal-
ysis. The mean and median raw C; for all patients and
genes was 33.2 and 32.5, respectively. Raw C; values
ranged from 24 to 40 (the latter being the default upper
limit PCR cycle number that defines failure to detect a
signal as set by the manufacturer).
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Figure 2. Expression ranges for 92 genes in 62 breast cancer specimens.
TagMan RT-PCR was used to measure mRNA levels as described in Materials
and Methods, and expression relative to six reference genes. The mean and
mean SD of the expression values across all tested patients is shown for each
gene. Each box represents the mean mRNA level for all tested tumor
specimens and the error bars indicate the SD of all measurements for that
gene. Expression values (y axis) are normalized relative to the reference
genes expressed as log base 2 values.

To be able to compare RT-PCR data from different
tissue specimens, it is necessary to correct for relative
differences in input RNA quantity and quality. These
differences arise primarily from the variability inherent
in processing surgical tissue specimens, including rel-
ative mass of tissue and the time between surgery and
formalin fixation. A secondary consideration is the cu-
mulative variability accrued while processing each
sample from RNA extraction through quantitation, re-
verse transcription to cDNA, and PCR. This correction
is routinely accomplished by normalizing raw expres-
sion values relative to a set of genes that vary little in
their median expression among different tissue speci-
mens (reference genes). Our observation that RNA
continues to degrade with increased archive storage
(Figure 1, above) raised the question whether RT-PCR
signals tend to decay with increased archive storage,
and if so, whether normalization to reference genes
could compensate for this trend. Figure 2 shows the
mean expression (£SD) relative to the six reference
genes for all 92 genes.

Each of the 62 specimens used for the 92-gene study
was collected within one of three time ranges, specifically
in year 2001, ~1996, and ~1985. Each symbol in Figure
3 represents the average C; across all of the tested
genes for each of the 62 tested patient specimens. As
shown in Figure 3A, C+ values from the oldest specimens
were substantially higher (mean, 35.3) than C; values
from the newer specimens (mean, 31.0). Because the C;
scale is log base 2, loss of five C; units between year
2001 and 1985 represents a decrease in average RT-
PCR signal of >90%.

Normalization, using a six-gene reference set, effec-
tively corrects for this bias (Figure 3B), flattening the
slope of the curve seen in Figure 3A and compensating
for the loss of RT-PCR signal that resulted throughout
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Figure 3. A and B: Mean C; values for 92 genes in 62 patient samples as a
function of paraffin block archive storage time. The x axis shows the year
each specimen was archived. The y axis shows mean expression values for
all tested genes. Each symbol represents a separate patient. A: Raw mean Cy.
expression values for all specimens. B: Expression values after normalization
relative to six reference genes, as described in Materials and Methods.
Reference genes were B-ACTIN, CYP1, GUS, RPLPO, TBP, and TFRC. Lines:
Linear regression best fit.

prolonged storage of FPE specimens. An analysis similar
to that shown in Figure 3B was also performed on a gene
by gene basis (data not shown). In general, individual
genes yielded raw data that approximately corresponded

to the curve in Figure 3A before normalization and to
Figure 3B after normalization. However, for 12 genes the
age of the block correlated with a rise in average normal-
ized expression. For these 12 genes the average ampli-
con size was greater (104 = 15 bases) than the average
amplicon size of the other genes in the panel (78 = 11
bases).

The amplicon size was greater than 90 bases for 10 of
the 12 genes. Therefore, when possible, we redesigned
probe and primer sets to fit within the relatively narrow
range of 70 to 85 bases. We found that with the rede-
signed probe and primer sets normalization corrected for
the archive storage-related bias. Thus, optimally, ampli-
con sizes not only must be limited in length but also the
lengths of test gene and reference gene amplicons must
be effectively homogeneous.

Results of a 92-Gene Assay: Clusters of
Co-Expressed Genes

Subsets of the 92 tested genes would be expected to
co-express based on results published by others. The
presence or absence of these expected clusters of co-
expressed genes can serve as one check of the expres-
sion data validity. The DNA array-based gene expression
profiles published by Sorlie and colleagues'' identified
four clusters of co-expressed genes in human breast
cancer, likely representing different cell type subclasses.
We included 11 genes from among these four cluster
groups in our 92-gene panel. Table 1 shows that our
assay clearly identifies the same gene clusters as Sorlie
and colleagues."" For example, the correlation coeffi-
cient for HER2 and GRB7 expression using our assay was
0.71. The HER2 gene is often amplified in breast cancer
and the GRB7 gene lies nearby at this locus.?® For none
of the other genes represented in Table 1 was there a
strong indication of co-expression with these two genes.
Similarly, the basal epithelial gene cluster represented
by GRO17, KRT5, and KRT17 all had pair-wise correla-
tion coefficients for their expression values between
0.6 and 0.8.

Table 1. Pearson Correlation Coefficients for Expression of Selected Gene Pairs in 62 Breast Tumors

ER1 GATAS3

HNF3A HER2 GRB7

ITGA7 LPL RBP4 GRO1 KRT5 KRT17

ER1 1.00

GATA3 0.60 1.00

HNF3A 0.60 0.59 1.00

HER2 —0.04 —0.06 0.32 1.00

GRB7 -0.34 -0.20 0.05 0.71 1.00
ITGA7 0.19 0.01 0.33 0.23 —0.03
LPL 0.04 0.06 0.19 —0.02 0.00
RBP4 —-0.01 0.16 0.19 -0.11 —0.06
GROT1 —0.38 -0.52 -0.41 0.03 0.12
KRT5 -0.32 —0.44 —0.36 —0.03 0.04
KRT17 —0.36 —0.50 —0.40 —0.02 0.09

1.00

0.61 1.00

0.47 0.84 1.00

0.23 0.038 —0.04 1.00

0.22 0.05 —0.01 0.64 1.00

0.038 0.00 -0.10 0.64 0.85 1.00

The 11 genes shown were identified in DNA array studies as representatives of four different gene expression clusters in human breast cancers,
and are grouped separately in the first column of the table: 1) ER, GATAS, and HNF3A: luminal epithelial cluster; 2) HER2 and Grb7: ERBB2 amplicon
cluster; 3) ITGA7, LPL, and RBP4: normal breast-like cluster; and 4) GRO7, KRT5, and KRT17: basal epithelial cluster)."’ The expression data used are

the same as shown in Figure 2.
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Table 2. Concordance between RT-PCR and IHC for ER and

PR
IHC

RT-PCR — +
ER

- 13 0

+ 4 45
PR

- 31 9

+ 1 21

Data correspond to those represented in Figure 4, A and B. The RT-
PCR data were dichotomized into positive (expressing) and negative
(nonexpressing) levels using normalized expression values for ER and
PR.

Results of a 92-Gene Assay: Concordance
between ER, PR, and HER2 mRNA Levels and
Immunohistochemistry (IHC) Results

To validate the performance of our quantitative RT-PCR
assay at measuring gene expression in FPE tissues, we
compared the measured mRNA levels of the diagnostic
marker genes estrogen receptor (ER), progesterone re-
ceptor (PR), and HER2, to their respective protein levels
as determined by standard diagnostic assays based on
IHC, for all 62 primary breast cancer FPE specimens. In
addition, 17 specimens that were analyzed by RT-PCR
and IHC for HER2 were also analyzed for HER2 gene
amplification by fluorescent in situ hybridization (FISH).
IHC and FISH were performed by an independent clinical
diagnostics laboratory.

Figure 4, A to C, shows that a significant correlation
exists between mRNA levels and (IHC-based) protein
levels for each of these genes. For ER (Figure 4A) and PR
(Figure 4B), the concordance between RT-PCR and IHC
was further compared by defining a cut point to differen-
tiate RT-PCR-positive and -negative receptor status. The
derived interassay concordance values for ER and PR
were ~94% and ~84%, respectively (Table 2).

Figure 4C shows both IHC results for HER2 protein and
FISH test results for HER2 gene amplification in compar-
ison to the measured mMRNA expression. In several older
specimens FISH did not report a result, consistent with
findings reported by others.?® In all other cases, the
RT-PCR, IHC, and FISH assays all identified the same

Figure 4. A—C: RT-PCR compared with IHC and FISH assays for ER, PR, and
HER2 in 62 FPE breast tumors. The RT-PCR expression data from the 92-gene
assay of 62 patient specimens are normalized relative to the reference genes
and presented on a log base 2 scale. IHC and FISH assays were performed by
an independent diagnostics reference laboratory. The RT-PCR and IHC/FISH
laboratories were each blinded with respect to the data generated by the
other laboratory at the time the analyses were performed. In each panel,
normalized expression values are on the y axis and the IHC or FISH scores
are on the xaxis. A: Normalized ER expression compared with percentage of
cells scored as ER+ by IHC. Open circles are ER— by IHC and filled circles
are THC ER+. Expression scores above ~2%° are ER+ and below are ER—.
B: Normalized PR expression compared with percentage of cells scored as
PR+ by IHC. Open circles are PR— by IHC and filled circles are IHC PR+.
Expression scores above ~27-? are PR+ and below are PR—. C: Normalized
HER2 expression compared with IHC scoring (0 to +3 scale). Open circles
are HER2-negative and filled circles are HER2-positive. Expression scores
above ~2'"> are HER2+ and below are HER2—. FISH scores are noted for
each case tested. NS, FISH was not scored.
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Figure 5. RNA size analysis of paired frozen and FPE tissue RNAs. Total RNA
was extracted from frozen and FPE tissue specimens as described in Materials
and Methods then analyzed for size profile using an Agilent 2100 Bioana-
lyzer, RNA 6000 Nanochip. One ul from each RNA preparation (1/30 of the
sample) was analyzed. Lanes 2 and 3 contain frozen and FPE RNA, respec-
tively, from the same breast tumor (from a 1995 surgery). Lanes M1 and M2
contain different sets of molecular weight RNAs (band sizes denoted in
bases).

tumors as 3+ for HER2 expression. The 3+ HER2 des-
ignation is considered clinically relevant with patients
classified as HER2 3+ exhibiting the greatest beneficial
response to the therapeutic monoclonal antibody Her-
ceptin.?*

Gene Expression Profiles Compared between
FPE and Frozen Tissue RNAs

RT-PCR is often used as a standard against which to test
other gene expression measurement methods, for exam-
ple DNA array methods.??® Similarly, we sought to com-
pare RT-PCR-based gene expression profiles from FPE
tissue RNA with those from unfixed tissue RNA. For this
purpose we identified FPE and frozen samples prepared
from the same breast tumor in 1995. As shown in Figure
5, the RNA from the frozen tissue remained relatively
intact, as indicated by detectable 28S and 18S ribosomal
RNA bands. In contrast, much of the RNA from the FPE
tissue was smaller than 200 bases in length. Neverthe-
less, we note that in our experience frozen tissues often
yield RNA that is similarly fragmented. The specimens
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Figure 6. A-B: Comparison of RT-PCR expression profiles of 48 genes from
paired frozen and FPE tissue RNAs. A: RNA was extracted from the frozen
and FPET specimens and mRNA levels were determined by TagMan quan-
titative RT-PCR as described in Materials and Methods. Results are plotted in
a bar graph. Each bar represents normalized expression relative to the
reference genes, and the mean of three measurements. B: Pearson correla-
tion for all 48 genes between the two tissue preparation methods is 0.91.

chosen here were deliberately selected for their well-
preserved RNA. We have explored in some detail the
effect of tissue processing on gene expression profiles
using fresh placenta tissue as a model. RNA isolated
from placenta tissue transferred shortly after delivery into
RNAlater (Ambion, Inc., Austin, TX) preservative was
compared with frozen tissue and with tissue fixed using a
variety of fixing times and conditions. Expression profiles
were found to be highly concordant among tissues pro-
cessed by all of these methods (manuscript in preparation).

The RNAs from the paired FPE and frozen samples
were profiled with a 48-gene assay that consisted of 42
test genes and six reference genes. Before reference
normalization the expression profiles were very similar
but offset on the y axis by approximately two Cy values,
consistent with an average ~75% loss of intact amplicon
template in the FPE material (data not shown). The nor-
malized profiles were not only similar but essentially iden-
tical between the two samples for most genes. The com-
parative results are shown for each gene in Figure 6A.




The adjusted Pearson correlation R between FPE and
frozen tissue for all tested genes was 91% (Figure 6B).

Discussion

It is possible to measure mRNA using FPE tissue as a
source of RNA as has been demonstrated in more than a
dozen peer-reviewed articles from nearly as many
groups, spanning from 1988 to the present.’ 22732 Nev-
ertheless, this approach to mRNA measurement has not
been widely applied to developing assays for medical
practice. This is unfortunate because the enormous num-
ber of FPE biopsy specimens associated with clinical
records would allow faster validation of potential clinically
useful markers. It is possible that, despite the significant
number of journal articles that describe this technique,
there is a perception that the published examples are
exceptional in some way, for example that only a small
fraction of mMRNA species can actually be measured by
this approach. The present study may help lay such
perceptions to rest.

In this study, two multianalyte assays one with 48
genes and the other with 92 genes, were designed and
tested in different experiments with preserved human
breast cancer tissue. In the first case, all of the genes
profiled in FPE RNA yielded measurable values, and the
overall profile was validated by its similarity to that gen-
erated with well-preserved RNA from matched fresh-fro-
zen tissue. In the second experiment using a 92-gene
assay only one of the tested genes failed to yield a signal.

Measured levels of ER, PR, and HER2 mRNAs were
concordant with the levels of the respective proteins as
measured by IHC at an independent clinical reference
laboratory. Approximately 90% concordance was ob-
tained when RT-PCR expression results for ER and PR
were dichotomized into positive and negative values and
compared to ER- and PR-positive and -negative assign-
ments based on IHC. It is noteworthy, that similar levels of
concordance were found in other comparative studies of
IHC versus RT-PCR.323* Interestingly, those studies dif-
fered from the present study in that the RT-PCR analyses
of ER and PR were performed with RNA from unfixed
breast tissue.

Although the number of different mRNA species mea-
sured per RT-PCR assay panel as described in the
present study could be extended to hundreds of different
mRNAs, it will likely remain impractical in the near future
to develop RT-PCR assays for the tens of thousands of
genes it is possible to measure with DNA array technology.
On the other hand, little evidence exists to date that DNA
arrays can effectively be applied to FPE tissue RNA analy-
sis.®® RT-PCR and DNA array technologies complement
each other in this respect for clinical research. Data from
array experiments on limited numbers of frozen tissue spec-
imens generate candidate gene sets of tens to hundreds of
genes'®~'® that can then be screened at high resolution in
multiplexed RT-PCR experiments on relatively large num-
bers of available FPE tissue specimens.

IHC remains the standard gene expression assay that
is widely used in diagnostic clinical applications despite

Gene Expression Analysis in Archival Tissue 41
AJP January 2004, Vol. 164, No. 1

its numerous weaknesses that include variation in sensi-
tivity from field to field, dependence on fixation condi-
tions, and lack of calibrated quantitation.®® The advan-
tages of RT-PCR with respect to reproducibility,
quantitation, sensitivity, dynamic range, and multianalyte
capability, make this a promising diagnostic technology
for immediate future application.
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