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Improved extraction techniques combined with sen-
sitive real-time reverse transcriptase-polymerase
chain reaction may allow detection of mRNA in for-
malin-fixed, paraffin-embedded (FFPE) materials, but
the factors affecting mRNA quantification in clinical
material using these methods have not been system-
atically analyzed. We designed analyses using real-
time reverse transcriptase-polymerase chain reaction
for quantification of MART-1, �-actin, and �2-micro-
globulin mRNAs. The analytical intra- and interassay
imprecision (coefficient of variation) was in the range
10 to 20% for all three genes studied. Using these
protocols, we studied the influence of tissue autolysis
and length of formalin-fixation on mRNA detection in
metastatic melanoma. Delay in freezing reduced de-
tectable mRNA, although this was less than predicted
and mostly occurred early in autolysis. MART-1, �-ac-
tin, and �2-microglobulin mRNAs were consistently
detected in FFPE metastatic melanoma even after fix-
ation for up to 3 weeks, although the total mRNA
detected was markedly reduced in fixed compared
with fresh tissues (up to 99%). Quantification of
MART-1 was, however, possible if this was expressed
relative to a housekeeping gene. The polymerase
chain reaction product from FFPE tissues could be
increased up to 100-fold amplifying short (<136 bp)
compared with long amplicons. Variations in time
before tissue processing and in fixation length seem
to be less important sources of imprecision than pre-
viously assumed. Our findings suggest that quantita-
tive analysis of mRNA in archive and routine diagnos-
tic tissues may be possible. (J Mol Diagn 2003,
5:34–41)

Analysis of gene expression at the mRNA level is a cen-
tral component of molecular profiling. Sensitive and spe-
cific methods for studying RNA derived from fresh tissues
and cells are well described, and include techniques
based on the use of reverse transcriptase-polymerase
chain reaction (RT-PCR). Recent technological improve-
ments, including the introduction of highly sensitive fluo-
rescence-based real-time RT-PCR procedures, now al-
low for rapid and specific quantification of even small
amounts of mRNA.1 Although mRNA is relatively stable in
fresh/frozen tissue, morphological examination of cryo-
stat-sectioned material is suboptimal making molecular
histopathological correlations difficult. Furthermore, the
logistical problems involved in collecting fresh tissue
samples are substantial. In the past, the use of RT-PCR
based methods to quantify mRNA in clinical specimens
has been restricted by the limited availability of suitable
fresh or frozen study tissues.

One possible answer to this problem may lie in the
archives of formalin-fixed, paraffin-embedded (FFPE) tis-
sue specimens held in histopathology departments
throughout the world. These collections already repre-
sent an invaluable research resource for studying the
molecular basis of disease, making it possible to perform
large retrospective studies correlating molecular features
with therapeutic response and clinical outcome. In recent
years, reliable techniques for the immunohistochemical
analysis of gene expression in paraffin sections have
been developed that form the basis for numerous assays
both in research and in routine diagnosis. Similarly, tech-
niques for extraction and analysis of DNA from FFPE
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tissues have been optimized allowing a range of molec-
ular genetic studies to be performed on archival and
routine diagnostic histopathological material. The ability
to study mRNA expression in FFPE tissues, even to a
limited degree, would be an important advance, opening
up the histopathology archive to molecular profiling and
allowing analysis of gene expression at the RNA level in
standard diagnostic specimens.

Traditionally, it has been considered impossible to per-
form RT-PCR on archival tissue, partly because the ex-
tracted RNA was extensively degraded and partly be-
cause the amounts present were too small to be amplified
by conventional means.2 However, improved techniques
for extracting RNA from fixed specimens based on the
use of proteinase K digestion followed by phenol-chloro-
form extraction,3,4 and the application of highly sensitive
fluorescence-based real-time RT-PCR procedures5–7

have shown that it is possible to detect mRNA in FFPE
tissue. The unanswered question is whether mRNA anal-
ysis in FFPE is sufficiently reliable to allow its routine use.
Various factors may affect the results of molecular anal-
ysis in FFPE compared with fresh/frozen tissues. How-
ever, the extent to which these influence quantitative
gene expression analysis has not been systematically
addressed. The purpose of this study was to establish
protocols for real-time RT-PCR on FFPE tissues, to deter-
mine the effect on quantitative gene expression analysis
of formalin fixation (including prolonged fixation), and to
quantify the influence of a period of autolysis before
freezing (as a surrogate for prefixation delay in the diag-
nostic setting). This work is part of a larger study aimed at
developing molecular tools for the detection of melanoma
micrometastases in sentinel lymph nodes. Therefore, we
chose as a model system to study expression of the
melanocyte-associated gene MART-1 and the house-
keeping genes �-actin and �2-microglobulin (�2-M) in
fresh and FFPE lymph nodes with melanoma metastases.

Materials and Methods

Tissue Collection and Processing

Lymph nodes were obtained fresh, directly from the op-
erating theater from four different patients undergoing
elective lymph node dissection for metastatic malignant
melanoma. The diagnosis of each tumor was confirmed
by histological examination with supplementary immuno-
histochemical staining (data not shown). Each fresh tu-
mor sample was cut into 10 macroscopically similarly
sized pieces and placed in separate Eppendorf tubes.
Two samples were immediately snap-frozen in liquid ni-

trogen and stored at �80°C until used. The remaining
four pairs of tissue samples were held at room tempera-
ture for 1, 2, 3, and 24 hours, respectively, before being
snap-frozen (Figure 1A). For the experiments with FFPE
tissues, an additional four pairs of samples from two of
the tumors were fixed in 4% neutral buffered formalin for
various fixation times (Figure 1B). Samples were of similar
size to ensure comparable formalin infiltration. After fixa-
tion the tissue samples were processed and embedded
in paraffin according to standard procedures.

RNA Extraction

Frozen Tissue

Total RNA was isolated from frozen tissue using
RNeasy Mini Kits (Qiagen, Valencia, CA) and treated with
DNase according to the manufacturer’s instructions.

Formalin-Fixed, Paraffin-Embedded Tissue

RNA was extracted from FFPE material using the Paraf-
fin Block, RNA isolation kit (Ambion Inc., Austin, TX) with
modifications. Briefly, 20-�m paraffin sections were cut,
deparaffinized by incubation in xylene for 20 minutes, cen-
trifuged, and washed three times in 100% ethanol. After
each wash, the sample was centrifuged at room tempera-
ture. After the final wash, the material was air-dried and then
incubated in digestion buffer with proteinase K. The residue
was then homogenized and incubated overnight at 55°C.
RNA was purified by the addition of RNA extraction buffer.
Chloroform was then added, followed by additional incuba-
tion and centrifugation. The aqueous phase was removed to
fresh tubes and the RNA was precipitated with an equal
volume of isopropanol in the presence of linearized acryl-
amide. Samples were incubated at �20°C for at least
30 minutes, after which RNA was pelleted and washed
twice in 75% ethanol, with intervening centrifugation at 4°C.
After the final centrifugation, the pellet was air-dried
and resuspended in 10 �l of RNA storage solution. To
remove genomic DNA, all samples underwent DNase treat-
ment according to the manufacturer. All reagents were from
Ambion.

RNA Quantification

The amount of RNA in the samples was measured using
the RiboGreen RNA quantitation kit (Molecular Probes Inc.,
Eugene, OR) and by fluorometry (Fluoroskan Ascent FL;
Thermo Labsystems, Helsinki, Finland). On the basis of
these calculations, all samples were diluted to 0.1 �g/�l.

Figure 1. Schematic overview of the sampling
protocol for four experiments of prefreezing de-
lay (A) and experiments of fixation time (B).
Duplicate RT-measurements were performed on
each sample.
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Primers

Primers for �-actin (amplicon size, 99 bp), �2-M (ampli-
con size, 85 bp), and nested MART-1 (amplicon size, 497
bp/439 bp) were as published.5,8,9 We designed primers
for an additional nested PCR for MART-1 with a short
amplicon size (136 bp/89 bp). The primers were all intron
spanning; their sequences are listed in Table 1.

Reverse Transcription (RT)

�-actin and �2-M mRNA was reverse-transcribed by add-
ing 0.1 �g of RNA to a reaction mixture consisting of 1�
PCR buffer II (Applied Biosystems, Foster City, CA) sup-
plemented with 6.3 mmol/L MgCl2, 0.3 mmol/L of each of
the four deoxyribonucleoside triphosphates (dATP, dTTP,
dGTP, dCTP), anti-sense primer (concentrations given in
Table 1), 20 U RNase inhibitor, and 50 U MULV reverse
transcriptase (Applied Biosystems) in a total volume of 20
�l. RT was performed in a Gene Amp PCR system 9700
thermocycler (Applied Biosystems) at 42°C for 30 min-
utes followed by 99°C for 5 minutes. Two �l of the result-
ing cDNA was used immediately for real-time PCR, or the
cDNA was stored at �20°C.

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR)

To have as sensitive a method as possible, detection of
MART-1 mRNA was performed as nested RT-PCR. To
ensure comparability this was done both for frozen and
fixed specimens. Each RT-PCR reaction contained 0.1
�g of RNA in a 1� PCR buffer (Qiagen) supplemented
with 1.25 mmol/L MgCl2, 0.1 mmol/L of each deoxyribo-
nucleoside triphosphate (dATP, dTTP, dGTP, dCTP), M1

and M2 primers (concentrations as shown in Table 1), 1
U Taq-polymerase (Qiagen), 50 U MULV reverse tran-
scriptase (Applied Biosystems), and 20 U RNase inhibitor
in a total volume of 40 �l. One step RT-PCR amplification
was then performed in a Gene Amp PCR system 9700
thermocycler according to the following schedule: RT at
37°C for 60 minutes followed by denaturation at 94°C for
1 minute. The PCR amplification profile was: 15 seconds
at 94°C, 30 seconds at 65°C, and 30 seconds at 72°C.
After 30 cycles for MART-1 (long) and 10 cycles for
MART-1 (short), the PCR product was extended at 72°C
for 7 minutes. After amplification, 2 �l of the PCR product
was used as template for the second round PCR, which
was performed as real-time PCR (see below).

Real-Time PCR

Two �l of cDNA (�-actin, �2-M,) or 2 �l of PCR product
(MART-1) were used as template for real-time PCR in a
reaction mixture containing 4 mmol/L of MgCl2, primers
as shown in Table 1, 2 �l mix from SYBR Green I kit
[containing TaqDNA polymerase, reaction buffer, de-
oxyribonucleoside triphosphate (dATP, dTTP, dGTP,
dCTP), SYBR Green I dye, and 10 mmol/L of MgCl2;
Roche Molecular Biochemicals, Indianapolis, IN], the vol-
ume being adjusted to 20 �l with nuclease-free water.
The samples were amplified in the Lightcycler System
(Roche) and the PCR was performed by an initial dena-
turation step at 95°C for 30 seconds and then 40 cycles
with a 95°C denaturation immediately followed by anneal-
ing (temperature given in Table 1) for 5 seconds and
72°C extension for 10 seconds. After 40 cycles a melting
curve was generated for the final PCR product of all
genes investigated by decreasing the temperature to
65°C for 10 seconds followed by a slow increase in

Table 1. Primer Sequences and Sizes of RT-PCR Products

Target Sequence S/AS Amplicon size, bp

�-actin (long) 5�-GGC GGC ACC ACC ATG TAC CCT-3� S 313
5�-AGG GGC CGG ACT CGT CAT ACT-3�
(RT: 10 pmol/PCR 2.5 pmol/68°C/40 cycles)* AS

�-actin (short)5 5�-CCA CAC TGT GCC CAT CTA CG-3 S 99
5�-AGG ATC TTC ATG AGG TAG TCA GTC AG-3 AS
(RT: 10 pmol/PCR: 2.5 pmol/64°C/40 cycles)*

�2-M8 5�-TGA CTT TGT CAC AGC CCA AGA TA-3� S 85
5�-AAT CCA AAT GCG GCA TCT TC-3� AS
(RT: 15 pmol/PCR 15 pmol/60°C/40 cycles)*

MART-1 (long)9

(M1long) 5�-GAA GGT GTC CTG TGC CCT GAC CC-3� S 497
(M2long) 5�-GGC TTG CAT TTT TCC TAC ACC ATT CC-3� AS

(RT-PCR: 2.5 pmol/65°C/30 cycler)*
(M3long) 5�-ATG CCA AGA GAA GAT GCT-3� S 439
(M4long) 5�-GGA GAA CAT TAG ATG TCT G-3� AS

(nested PCR: 2.5 pmol/55°C/40 cycler)*
MART-1 (short)
(M1short) 5�-TGC CAA GAG AAG ATG CTC AC-3� S 136
(M2short) 5�-CAA CAG CCG ATG AGC AGT AA-3� AS

(RT-PCR: 5 pmol/60°C/10 cycler)*
(M3short) 5�-TCT ATG GTT ACC CCA AGA AGG-3� S 89
(M4short) 5�-TCC CAG GAT CAC TGT CAG G-3� AS

(nested PCR: 5 pmol/60°C/40 cycler)*

Abbreviations: AS, anti-sense; S, sense.
*Items in parentheses refer to RT-PCR conditions (primer concentration/annealing temperature/number of PCR cycles).
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temperature to 95°C. During the slow heating process the
fluorescence is measured at 0.2°C increments. To further
ensure specificity, a gel electrophoresis was conducted
for selected samples of each specific product. It consis-
tently revealed bands of the expected length.

Experimental Design

RT was performed in duplicate for each RNA sample.
RNA for a calibration curve was included in every RT
together with a high- and a low-positive control in dupli-
cate and one negative control (without RNA) to exclude
potential contamination. PCR reactions for both standard
curve (including positive and negative controls) and sam-
ples were performed from each RT. The interassay and
intra-assay variation was determined by analyzing the
positive controls in 10 consecutive analytical runs (inter-
assay variation) with each sample analyzed in duplicate
(intra-assay variation) (Table 2).

Real-Time PCR: SYBR Green Detection

In this study the basis for quantitative real-time PCR is a
system that continuously measures binding of a fluores-
cent dye (SYBR Green I) to the nascent double-stranded
DNA in the sample. After an initial denaturation at 95°C,
all input cDNA becomes single stranded. At this stage of
the reaction, SYBR Green I dye will not bind and the
intensity of the fluorescence signal is low. During anneal-
ing, the PCR primers hybridize to the target sequence
resulting in short double-stranded DNA sequences to
which the SYBR Green I dye can bind. In the elongation
phase of the PCR, the primers are extended and more
SYBR Green I can bind resulting in an increase of fluo-
rescence. At the end of the elongation phase when all
DNA is double stranded, the maximum amount of dye is
bound and the fluorescence is recorded (at 530 nm).
Increasing amounts of PCR product can be monitored
from cycle to cycle and quantification is based on fluo-
rescence measurements in real-time. The assay results
are expressed as amount of specific product formed

(absolute values). Because SYBR Green I binds nonspe-
cifically to all double-stranded DNA including primer-
dimers a melting curve analysis has to be performed.
Because each double-stranded DNA product has its own
specific melting temperature partly determined by the
length and the guanine/cytosine content of the fragment,
this analysis allows reliable differentiation between spe-
cific and nonspecific PCR products.

Standard Curve

Construction of a standard curve for �-actin and �2-M
was achieved using RNA from a cultured urothelial cell
line HCV 29.10 The RNA was diluted in water to give five
different calibrators with known amounts of HCV 29 RNA
in 10-fold dilutions (calibrators 1 to 5 contained 1.0 �g to
0.00001 �g of HCV29 RNA/�l; 1 �l of calibrator RNA was
used in each calibrator RT-PCR). The amount of house-
keeping gene mRNA present in 1 �g of HCV29 RNA was
defined as 1 arbitrary unit of HCV29 �-actin and �2-M
mRNA, respectively. Results of unknown samples were
expressed as arbitrary units of HCV29 RNA/�g sample
RNA. For MART-1 a standard curve of eight calibrators
was obtained using RNA isolated from the melanoma cell
line HTB 72 (American Type Culture Collection, Manas-
sas, VA). The calibration curve was obtained using dilu-
tions of RNA isolated from 400 HTB 72 cells (calibrators 1
to 8 contained RNA ranging from 400 to 0.16 HTB 72
cells/�l; 1 �l of calibrator was used in each calibrator
RT-PCR). The amount of MART-1 mRNA present in 400
HTB 72 cells was defined as 1 arbitrary unit of HTB 72
cells. Results of unknown samples are expressed in ar-
bitrary units of HTB 72 cells/�g sample RNA.

For each amplicon investigated a corresponding stan-
dard curve is generated with the same primers (both
short and long) as the investigated samples and included
in each run.

Results

Evaluation of the Variation of the Quantitative
Real-Time RT-PCR Techniques

The analytical imprecision of the assays is summarized in
Table 2. This depended on the amount of mRNA present.
For high quantity controls, the analytical interassay im-
precision (coefficient of variation) ranged from 12 to 26%,
whereas the range for low quantity controls was 31 to
40%. In most of the experiments in our study the samples
were in the range of the high quantity controls.

Effect of Freezing Delay on mRNA Levels
(Figures 2 and 3)

In the first series of experiments, we investigated the
effect of delayed freezing (autolysis) on the quantification
of �-actin, �2-M, and MART-1 RNA; amplicons were of
comparable size (99 bp, 85 bp, and 136 bp, respectively).

Table 2. Coefficients of Variation (CV) Calculated for mRNAs
with Short Fragments

n � 10

Mean
(arbitrary

units*)

CV intra-
assay
(%)

CV
interassay

(%)

�-actin (99 bp)
High control 0.14 9 12
Low control 0.0007 17 31

�2-M (85 bp)
High control 0.13 10 23
Low control 0.0008 15 34

MART-1 (136 bp)
High control 23 11 26
Low control 2 26 40

For �-actin and �2-M the high and low quantity controls are 0.1 and
0.001 �g of HCV29 RNA, respectively, isolated from the urothelial cell
line HCV 29. For MART-1 the high and low quantity control are RNA
isolated from 20 and 5 HTB 72 melanoma cells, respectively.

*Described in Material and Methods.
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Housekeeping Genes

mRNA for �-actin and �2-M could be detected in all
samples. The expression of mRNA for both �-actin and
�2-M decreased to a mean of 50% (SEM, 8%) and 64%
(SEM, 18%), respectively, comparing 0 and 24 hours of
fixation delay (n � 4). The higher SEM for �2-M might be
explained by differences in the analytical precision (Ta-
ble 2). For both genes it appeared that the decrease in
mRNA was most pronounced within the first hours of
autolysis (Figure 2).

Cell-Specific Gene

As expected for a melanocyte-specific gene MART-1,
the level of gene expression showed marked variation
comparing samples from different tumors (data not

shown). Also as expected from the housekeeping gene
results, variation was found depending on freezing delay.
However, expressing MART-1 relative to the content of
�-actin markedly diminished the observed variation (Figure
3). Comparable results were obtained if �2-M was used as
the reference gene (data not shown). In general, there was
no apparent change in relative expression of MART-1 in
samples after between 0 and 24 hours of autolysis.

Effect of Formalin Fixation, Fixation Time, and
Amplicon Size on mRNA Quantification
(Figures 4 and 5)

Attention was focused on RNA integrity and yield as a
function of fixation time using expression of �-actin and
MART-1 mRNAs as a model. In all of the samples, mRNA
specific for �-actin and MART-1 could be detected in
FFPE melanoma tissue, even after prolonged formalin
fixation for up to 21 days (Figures 4 II and 5 II). However,
a marked decrease (85 to 99%) in mRNA levels for both
�-actin and MART-1 was seen in FFPE tissue (even after
1 day of fixation) compared with matched frozen tissue.
This decrease was most pronounced when amplifying
long fragments.

The mRNA yield from fresh tissue was high compared
to formalin-fixed tissue. In the fresh tissue different am-
plicon sizes (313 bp versus 99 bp) did not affect the yield
of mRNA for �-actin (Figure 4), whereas an up to 10-fold

Figure 2. Quantification of �-actin (amplicon size, 99 bp; A) and �2-M
(amplicon size, 85 bp; B) in samples frozen after prolonged storage at room
temperature. Each point represents the mean of duplicate measurements of
paired samples obtained from melanoma metastases from four different
patients (n � 4). Data are expressed as percentage of mRNA normalized to
point 0 hour. Vertical lines represent � SEM.

Figure 3. Effect of delay in freezing on the expression of mRNA for MART-1.
Ten samples from each of four different patients (n � 4) were obtained from
melanoma lymph node metastases. Data are expressed as a ratio between
arbitrary units of MART-1 mRNA and �-actin mRNA. The measurement of
MART-1 and �-actin mRNA levels are described in the Materials and Methods.
Amplicon sizes for MART-1 and �-actin were 136 bp and 99 bp, respectively.
Each point represents the mean of paired samples measured in duplicate.
Vertical lines represent minimum and maximum measurement.
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difference was seen for MART-1 (amplicon size, 497 bp
versus 136 bp; Figure 5 II). In the fixed tissues the mRNA
recovery, using short compared with long amplicons,
was 20-fold greater for �-actin and 100-fold greater for
MART-1. Fixation for prolonged periods (5 days or more)
did not show any systematic decrease in PCR product for
neither short nor longer amplicon sizes (Figures 4 and 5).

Discussion

DNA is naturally robust, and its purification from paraffin-
embedded tissue is now a routine laboratory procedure.

In contrast, RNA is sensitive to degradation by essentially
ubiquitous RNases making its recovery from archival ma-
terial problematic. It has been known for some years that
degraded RNA could be obtained from FFPE tissue,11

and that this could be used as a substrate for identifica-
tion of specific sequences using RT-PCR.12 However,
other workers have found only minimal amplifiable mRNA
in paraffin blocks,2 suggesting that formalin fixation pre-
cluded later use of such material for investigation of gene
expression by RT-PCR. Indeed, the lack of published re-
ports of successful PCR amplification of RNA from archive
material confirms that this has been the prevailing view.

More recently several groups have reported that the
small amounts of RNA available in FFPE tissues can be
amplified using highly sensitive real-time RT-PCR tech-
niques.5,7,13 Our study confirms these findings. Using
real-time RT-PCR, we were consistently able to detect
mRNA for both MART-1 and for the housekeeping genes
�-actin and for �2-M in FFPE melanoma metastases, even
after prolonged fixation in formalin for up to 3 weeks. This
was partly dependent on the use of optimized extraction
procedures with proteinase K digestion. Clearly, formalin
fixation markedly reduces the amount of RNA that can be
extracted from paraffin blocks—in our study by up to 99%
when using standard primers. However, by using PCR
primers that amplify short sequences it was possible to
increase the yield of amplifiable RNA by up to 100-fold.
The increased sensitivity we found using smaller ampli-
con sizes is consistent with other studies that have sug-
gested that formalin fixation degrades RNA.5 Although,
length of fixation may be a problem for quantification, our
experiments did not show any systematic decrease in
PCR product as a function of fixation length.

One important factor that may limit the ability to quan-
tify mRNA in FFPE tissues is delay in fixation. In particular,
it has been widely assumed that because prefixation
times vary for routine specimens, and will rarely be known
retrospectively, that quantification of gene expression in
archival specimens would be unreliable.14 However, al-
though much is known about the regulation and degra-
dation of mRNA in experimental systems,15,16 surpris-
ingly little has been published concerning the stability
and turnover of mRNAs in clinical specimens. Given that
typical half-lives for mRNAs vary from a few minutes for
the most labile to more than 24 hours for the more stable
gene products such as those from globin genes, it would
be expected that delay in fixation would result in a
skewed representation of mRNAs extracted from paraffin
blocks. Most previous studies of RNA decay in in vivo
specimens have been performed on frozen tissues from
autopsy brains.17–20 These show surprisingly stable re-
tention of a variety of mRNAs postmortem, although by
their nature they lack evaluation of RNA degradation in
the important first hours of death. Other studies have
looked at the effect of RNA degradation on quantification
of gene expression by RT-PCR in cultured cells.21,22

However, for several reasons it is uncertain whether the
results of such studies can be directly extrapolated to the
in vivo situation. In particular, gene expression patterns
and rates of RNA degradation may not be representative
in in vitro cells separated from other tissue elements.

Figure 4. The effect of different amplicon sizes and different fixation times
on the quantification of mRNA for �-actin. Results shown are means of
duplicate measurements of samples obtained from two melanoma lymph
node metastases (I and II). Data are expressed as percentage of �-actin
mRNA present in the corresponding frozen tissue (99 bp).

Figure 5. The effect of different fixation times and different amplicon sizes
on the quantification of MART-1. Mean of duplicate measurements of two (I and
II) melanoma lymph node metastases are expressed as a ratio between arbitrary
units of mRNA for MART-1 and mRNA for �-actin (amplicon size, 99 bp). Data
are expressed in percent normalized to matched frozen sample (99 bp).
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Thus, it is important to study the factors affecting RNA
degradation in clinical specimens.

To evaluate in vivo RNA decay we chose a model
reflecting daily routine as closely as possible. Freezing
delays up to 24 hours were chosen to reflect the absolute
worst case situation for delayed tissue processing. For
both �-actin and �2-M genes a decrease in mRNA level
was seen, most of this decrease apparently occurring
within the first 2 hours of autolysis after which a steady
state appeared. Godfrey and colleagues5 have also
looked at the effect on quantification of several mRNAs of
delayed freezing/fixation. They studied liver specimens
from a single patient, and found that a delay of up to 12
hours before fixation did not change the relative expres-
sion of the genes studied. Our results confirm this finding
and further show that this applies for tissues other than
RNA-rich liver, and when a larger series of patient tumors
is studied with parallel analyses. There are several pos-
sible explanations for the relative stability of mRNA levels
in tissues after surgical removal. Firstly, although there
will be progressive depletion of oxygen and nutrients, it is
reasonable to assume that initially the tissue will continue
to metabolize and to transcribe RNA. Secondly, and
probably more importantly, tissue and cell integrity will be
primarily maintained during the autolytic period limiting
the access of RNases to intracellular mRNA. Indeed,
studies of autopsy brains show that the relative stability of
RNA postmortem is lost once the tissue has been frozen
and then thawed out, after which RNA decay is greatly
accelerated.18,20 Freeze/thaw cycles will not only stop
tissue metabolism, but will also rupture cells, making the
intracellular compartment more accessible to RNases.

Our study provides useful information about the two
housekeeping genes investigated. The choice of such
genes is important, but often difficult. The ideal house-
keeping gene is one that is expressed at constant, mod-
erate levels in all tissues. When used as a reference gene
it must reflect the target gene with respect to turnover
rate. This is of course impossible to achieve and in prac-
tice these genes may show variation in expression in
different tissues and under different experimental condi-
tions.22 Furthermore, little is known about the expression
of housekeeping genes in tumor tissues, although some
have been shown to be up-regulated in cancer.23,24 In
our experiments, the higher SEM for detecting �2-M mRNA
compared with �-actin mRNA is more likely to be related to
analytical imprecision (Table 2) than to biological variation.
Thus, there is no evidence that intertumor variation in ex-
pression of these two housekeeping genes is likely to be a
significant source of imprecision when they are used as
controls to quantify mRNA levels in melanoma.

We also studied expression of a cell-specific mRNA—
MART-1. This gene product is a transmembrane mole-
cule found on melanocytic cells. Neither the biological
function of MART-1, nor the half-life of its mRNA are
known. We wanted to see if there was any significant
decrease in expression of this gene as a function of
autolysis. The absolute quantification of MART-1 mRNA
showed considerable differences comparing samples,
both intratumoral and marked intertumoral variation being
found (data not shown). However, to correct for variation

because of insufficient starting material and inefficient
cDNA synthesis, we chose to express MART-1 mRNA
levels relative to a reference gene. MART-1 mRNA was
normalized to both �2-M and �-actin mRNAs to evaluate
which of the two housekeeping gene products it resem-
bled most with respect to turnover rate. This analysis
gave almost identical results whether MART-1 was ex-
pressed relative to �-actin or to �2-M (data not shown in
full). MART-1 mRNA showed relatively constant expres-
sion with only minor intratumoral variation, whereas the
intertumoral (presumably biological) variation was still
considerable (Figure 3). Thus, the turnover rate for
MART-1 appears to reflect both �-actin and �2-M, making
them both suitable reference genes in our experiments.
MART-1 mRNA could be easily detected, even after 24
hours of prefreezing delay. No significant change in ex-
pression levels could be identified as a function of autol-
ysis time. This result suggests that mRNA may be more
robust in vivo than sometimes supposed, although this
should be interpreted with care. An alternative explana-
tion may be that minor degrees of change in mRNA levels
are masked by tumor heterogeneity. Tumors are com-
posed of a complex mix of neoplastic cells including
various subclones. This intratumoral heterogeneity is
added to by the presence of a variable component of
nonneoplastic stromal and inflammatory cells, by areas of
dead and dying cells, by variation in the level of nutrients
and oxygen, and by variation in the degree of vascular-
ization and in the levels of cytokines and other active
biomolecules. All these factors have the potential to affect
the level of expression of particular genes. Thus, tumor
heterogeneity may be a source of possibly serious bias
when quantifying RNA extracted from tissues.25 The ef-
fects of tumor heterogeneity can be limited by analyzing
several different areas of a tumor and by selecting tissue
samples under microscopic control.

The improved PCR yield for MART-1 mRNA achieved
by amplifying short sequences was seen not only in the
fixed samples, but also when analyzing fresh-frozen tis-
sue (Figure 5). This may partly reflect a primer-related
change in PCR efficiency. Alternatively, the longer ampli-
con size (497 bp) used initially for MART on frozen sam-
ples compared with �-actin (313 bp), may be more vul-
nerable to even minor degrees of degradation occurring
within the first few minutes after surgical removal. The
reliability of the molecular results obtained from real-time
RT-PCR is dependent on the analytical precision of the
detection methods used, but only a few studies have
addressed this important point. We have determined the
precision of the real-time RT-PCR method used for con-
trols in the measuring range of our samples as well as in
controls with mRNA levels �100-fold lower. In the range
of the samples we find an acceptable imprecision for
mRNA from both the �-actin and �2-M housekeeping
genes with intra- and interassay variations of �10% and
20%, respectively. Even for MART-1 mRNA, which is
quantified in a nested RT-PCR design there is an accept-
able imprecision with 10% intra-assay and 26% interas-
say variation, levels comparable to the two household
genes examined that support the contention, that the
data for the nested products are quantitative. As ex-
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pected, lowering the mRNA content of the controls �100-
fold below the values of our samples resulted in an in-
crease in the interassay imprecision to �30% for the
household genes and �40% for MART-1.

Our findings confirm that clinical tumor specimens re-
moved by routine surgical procedures and snap-frozen can
be safely used for studies of gene expression. Although we
cannot exclude the possibility that some particularly labile
mRNAs may be preferentially lost immediately after re-
moval, quantification of more stable transcripts relative to
housekeeping gene mRNAs would seem to be possible
even with relatively prolonged delays up to 24 hours before
freezing or fixation of the tissue. Furthermore, by using
highly sensitive real-time RT-PCR with amplification of short
target sequences, mRNA for a variety of genes can be
quantified in FFPE tissues. An important proviso to remem-
ber is that the amount of RNA that can be extracted from
FFPE tissue represents only a minor part of that which is
obtainable from fresh-frozen tissue and that the analytical
imprecision is increased when the amount of amplifiable
RNA available is small. Although variations in the time be-
fore tissue processing seem to be less important sources of
imprecision, than previously assumed, variations in length
of fixation may still be a problem for quantification. Normal-
izing results to reference genes seems to be mandatory for
the reliability of the molecular results. Our model demon-
strates a way to select the appropriate reference gene.
Although it will be important to confirm these results in
studies on other genes than those we have looked at, our
findings open up the possibility of performing retrospec-
tive molecular profiling studies of archive tissues at the
RNA level and using these techniques in a routine diag-
nostic setting.
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