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We studied the feasibility of using real-time quantita-
tive PCR to determine HER-2 DNA amplification and
mRNA expression in microdissected formalin-fixed,
paraffin-embedded breast tumors and compared this
with standard immunohistochemistry (IHC) and flu-
orescent in situ hybridization (FISH) methods. Study
cases (27 carcinomas and 3 ductal breast carcinoma in
situ (DCIS) cases) showed varying Her-2 expression
as determined by IHC (HercepTest). In carcinomas,
there was a good correlation between HER-2 DNA
amplification and strong HER-2 protein expression
detected by FISH and IHC, respectively. A single DCIS
case was amplified in FISH, but not in IHC. Both
HER-2 gene amplification and expression could be
quantified in microdissected paraffin-embedded tu-
mors using real-time PCR, DNA and RNA being suc-
cessfully detected in 146 of 150 (97%) and 141 of 150
(94%) samples, respectively. PCR analysis for HER-2
DNA amplification using the LightCycler HER2/neu DNA
Quantification kit (Roche Molecular Biochemicals,
Mannheim, Germany) correlated fairly well with IHC
and FISH. All IHC HER-2 3� tumors were amplified
according to the kit, as was the FISH-amplified DCIS
case. DNA-PCR identified five additional tumors as being
amplified. Interestingly, all these scored 2� with the
HercepTest, but were negative using FISH. We believe
that real-time quantitative PCR analysis of HER-2 DNA
amplification following microdissection represents a
useful supplementary or perhaps even an alternative
technique for establishing HER-2 status in paraffin-em-
bedded tumors. (J Mol Diagn 2004, 6:42–51)

Human epidermal growth factor receptor-2 (HER-2) is a
proto-oncogene located at 17q21 that encodes a 185-kd

transmembrane glycoprotein with tyrosine kinase activity.
HER-2 (also known as c-erbB-2 or neu) is a member of
the epidermal growth factor receptor family and is now
recognized as a key oncogene in several malignancies.
Amplification and/or strong expression of HER-2 can be
seen in 20% to 30% of invasive breast carcinomas. It is
regarded as a marker of adverse clinical outcome and as
a predictive marker for reduced response to certain che-
motherapy and hormonal treatments.1 Even more impor-
tantly, positive HER-2 status predicts for response to
therapy with trastuzumab (Herceptin), a humanized
monoclonal antibody directed against the external do-
main of the HER-2 protein which has been shown to be
effective in prolonging survival in patients with receptor-
positive metastatic breast carcinoma.2 Thus, there is a
clear need for reliable and robust methods for accurately
determining HER-2 status in tumors. Ideally, such meth-
ods should also be simple, quantitative, and widely ap-
plicable (eg, capable of being performed on formalin-
fixed, paraffin-embedded (FFPE) archival biopsies or on
small and/or precancerous specimens). However, while
the clinical benefit of determining HER-2 status in breast
carcinomas is now accepted, there is no consensus on
the best diagnostic assay to use for this purpose.

HER-2 status can be analyzed at the DNA-, the
mRNA-, or the protein level. Various techniques are avail-
able for assessing these different target molecules, each
with benefits and drawbacks.3 For practical reasons, im-
munohistochemistry (IHC) using an anti-HER-2 antibody
is by far the most frequently used method for assessing
HER-2 status. IHC is available as a standard technique in
pathology laboratories, and can be easily used on archi-
val FFPE tissues. Furthermore, it is tumor cell-specific, the
observer being able to distinguish signals from neoplas-
tic and non-neoplastic cells. As a result, reports pub-
lished on the clinical relevance of HER-2 expression have
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almost all used IHC. However, major disadvantages of
HER-2 IHC assessment are that it is at best a semi-
quantitative method with considerable inter-observer
variations reported in some studies.4 Furthermore, the
many available HER-2 antibodies show variable sensitiv-
ities and specificities5 that, together with differences in
tumor fixation, antigen retrieval method, and IHC tech-
nique, contribute to considerable assay imprecision.
While this imprecision is improved by the use of stan-
dardized IHC tests (such as the HercepTest), there is
widespread agreement that IHC HER-2 scores at the 2�
level need to be confirmed with another technique.6,7

Fluorescence in situ hybridization (FISH) is a common
alternative method for assessing HER-2 status. It is a
sensitive and apparently highly specific technique for
measuring HER-2 gene amplification at the single-cell
level,8 a change that appears to be closely correlated
with strong protein expression9 and thus of clinical rele-
vance. In contrast to IHC, FISH can give a more objective
and quantitative measure of HER-2 abnormalities, and is
widely regarded as the gold standard for assaying HER-2
status. However, the technique is more labor-intensive
and expensive, and it requires both more specialized
equipment and expertise compared with IHC.

Blotting techniques (Southern, Northern, and Western)
can be used to measure HER-2 molecules, but they are
technically difficult, require large amounts of fresh tissue,
and are impractical for routine screening purposes. In
addition, these techniques are not tumor cell-specific.
Thus, the HER-2 status will be modified by the dilutional
effect caused by the often large numbers of non-neoplas-
tic cells (inflammatory, stromal, and normal) found in all
tumors, resulting in an underestimation of gene amplifi-
cation or expression. This problem can be reduced if
analysates are enriched for target cells of interest, eg, by
histological microdissection. Using laser-assisted micro-
dissection (LAM), homogeneous tumor cell samples can
be procured rapidly and precisely from both fresh/frozen
or from archival FFPE tissues.10–12 This allows the detec-
tion of tumor-specific genetic alterations in otherwise het-
erogeneous samples, and enables a more correct detec-
tion and quantification of tumor DNA and mRNA.

Polymerase chain reaction (PCR)-based assays can
determine changes in both HER-2 gene number and
expression. By using real-time quantitative PCR, the tar-
get can be both amplified and detected simultaneously,
making the assay a potentially sensitive, specific, reli-
able, and cost-effective way of measuring HER-2
changes. Routine methods of histological fixation and
processing either destroy or damage RNA, or cause such
extensive tissue cross-linking as to make it inaccessible
to analysis.13 However, the high sensitivity of real-time
quantitative PCR means that even minute amounts of
DNA or RNA may be detectable in FFPE tissues14, open-
ing up the possibility of performing retrospective clinical
and molecular studies on the large specimen archives
stored in pathology institutes.

In this study, we focused on the feasibility of using
real-time quantitative PCR analysis of DNA and mRNA
from laser-microdissected FFPE archival breast cancer
tissues to determine HER-2 status, and compared these

results with those obtained using IHC and FISH. We show
that HER-2 amplification and mRNA expression can be
reliably detected by real-time quantitative PCR in archival
microdissected FFPE tissues. In particular, our results
suggest that PCR analysis of HER-2 DNA amplification in
microdissected cells using the LightCycler HER2/neu
DNA Quantification kit (Roche Molecular Biochemicals,
Mannheim, Germany) may be used as an alternative to
the traditional tumor cell-specific assays of HER-2 status.

Materials and Methods

Tissue Samples

Thirty cases of breast tumor were selected from the ar-
chives of the pathology institutes, Aarhus University Hos-
pital depending on their HER-2 protein status assessed
by the HercepTest. Paraffin-embedded material from 27
representative primary ductal breast carcinomas (3�,
n � 8; 2�, n � 8; 1�, n � 8; 0, n � 3) and three cases
of ductal breast carcinoma in situ (DCIS) were used. All
tissues were routine diagnostic, surgical specimens that
had been fixed, processed, and stored using standard
histological protocols. The oldest paraffin blocks were 48
months old. Serial sections for microdissection (5 �m)
and FISH (2 �m) were cut simultaneously.

Immunohistochemistry

We used the semi-quantitative immunocytochemical Her-
cepTest (DakoCytomation, Copenhagen, Denmark) to
assess HER-2 protein status, according to the manufac-
turer’s instructions. In brief, deparaffinized sections (4
�m) mounted on poly-L-lysine coated slides were heated
in diluted Epitope Retrieval Solution (10 mmol/L citrate
buffer) for 45 minutes using a water bath at 95°C, fol-
lowed by cooling at room temperature for 20 minutes.
After rinsing and blocking endogenous peroxidase, the
sections were covered with primary polyclonal antibody
(rabbit anti-human HER2 protein) in a humid chamber for
30 minutes. Slides were washed and then incubated in
Visualization Reagent (dextran polymer conjugated with
horseradish peroxidase and goat anti-rabbit immuno-
globulins, EnVision, DakoCytomation) for 30 minutes at
room temperature, and washed again before color devel-
opment in 3,3�-diaminobenzidine substrate-chromogen
(DAB) solution. The sections were counter-stained in
Mayer’s hematoxylin. To validate the staining procedure,
we simultaneously processed negative and positive con-
trols provided with the kit consisting of sections of FFPE
breast carcinoma cell lines representing various levels of
Her-2 expression. The same technician performed the
staining procedure for all cases. We scored tumor cells
for Her-2 in accordance with the manufacturer’s instruc-
tions: no visible staining or membrane staining in less
than 10% of cells, 0; faint, incomplete membrane staining
detected in more than 10% of cells, 1�; weak to moder-
ate complete membrane staining in more than 10% of
cells, 2�; strong and complete membrane staining in
more than 10% of malignant cells, 3�. Scoring was per-
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formed twice (blinded) by the same experienced pathol-
ogist.

Fluorescence In Situ Hybridization

Paraffin sections were hybridized using the Vysis Path-
Vysion HER-2/neu DNA probe kit (Abbott Laboratories,
Abbott Park, IL) in accordance with the manufacturer’s
protocol. For each case, two sections (2 �m) were
mounted on coated-glass slides (Superfrost Plus, Men-
zel, Germany). One section was stained with hematoxylin
and eosin and was used as a microscopic control for
locating dense tumor cell populations suitable for FISH
analysis. The second section was used for FISH. The
slide was deparaffinized, dehydrated in graded ethanols,
denatured in 70% formamide, 2X standard saline citrate
(SSC; 20X SSC � 3 mol/L NaCl2, 0.3 mol/L Na citrate, pH
5.3) at 70°C. Hybridization was carried out overnight in a
humid chamber at 37°C in the presence of SpectrumO-
range-labeled HER-2 DNA probe and SpectrumGreen-
labeled centromere 17 reference probe. After washing in
2X SSC/0.3% NP-40, the nuclei were counter-stained with
DAPI (0.2 �mol/L 4.6-diamino-2-phenyldole). Slides were
examined using a fluorescence microscope at �100
magnification. At least 120 non-overlapping nuclei were
counted in each patient, the counting area blindly se-
lected by the same technician within the rather large
marked area on the control H&E stain. These areas were
carefully chosen to include large homogeneous tumor
regions, with as few intervening inflammatory or stromal
non-neoplastic cells as possible. In the tumors showing
invasive carcinoma, areas with DCIS were excluded. The
signals for Her-2/neu and centromere 17 were recorded
and the ratio calculated for each slide by the same tech-
nician, without knowledge of the IHC HER-2 status of the
patients. In accordance with the manufacturer’s protocol,
we did not score nuclei with no signals, with signals of
only one color, or with signals in overlapping areas. Nu-
clei with insufficient counter-stain to determine the nu-
clear border were not counted. We regarded a ratio �2.2
as being truly amplified and a ratio �1.8 as not being
amplified. Cases falling in the cut-off area between 1.8 to
2.2 were repeated.

Laser Microbeam Microdissection (LMM)

Sections were cut under RNase-free conditions and,
mounted for laser-assisted microdissection using a mod-
ification of the MOMeNT technique.15 Microdissection of
FFPE tissues was carried out using a high-resolution
UV-laser system (�-Cut, Molecular Machines & Indus-
tries, Glattbrug, Switzerland) as previously described.12

In brief, the sections were deparaffinized in xylene, rehy-
drated in graded ethanols, stained with hematoxylin,
rinsed in tap water, and finally immersed in 99% ethanol.
After drying the sections, the areas of interest were iden-
tified. To increase the quality of morphology, we used
Cytotec (Schuco International, London, UK) as an optical
medium.12 For each analysis, five homogeneous tumor
areas were laser-cut (�300 cells each) and then cap-

tured using a sterile disposable needle. We dissected
neighboring tumor areas to minimize the influence of
intratumoral heterogeneity on the results. A naked area of
the membrane was cut as a negative control. The tissue-
fragments were put in an Eppendorf tube containing 200
�l RNA digestion buffer (20 mmol/L Tris, pH 7.5, 20
mmol/L EDTA, 1% SDS in sterile water) and 5 �l protein-
ase K (20 mg/ml, Roche Molecular Biochemicals), for
RNA extraction, incubated overnight at 60°C, inactivated
at 95°C for 10 minutes, and stored at �80°C.16 This
procedure was repeated for DNA extraction using the
same membrane-mounted slides. The cut fragments
were transferred to an Eppendorf tube with 30 �l DNA
extraction buffer containing 50 mmol/L Tris, pH. 8.1, 1
mmol/L EDTA, pH.8.0, and 0.5% Tween 20 and 0.24%
proteinase K (20 mg/ml), incubated overnight at 55°C,
and inactivated for 10 minutes at 95°C.17 The samples
were kept at �20°C.

DNA Extraction, Total RNA Extraction, and
Reverse Transcription

DNA extraction samples were used without any precipi-
tation steps. Total RNA was extracted using the TRIzol-
reagent according to the manufacturer (Life Technolo-
gies, Gaithersburg, MD), followed by precipitation with an
equal volume of isopropanol, 0.1 volume 3 mol/L sodium
acetate (pH 5.2) and 1 �l glycogen (20 mg/ml, Roche).
The pellet was washed in 70% ethanol, dried and resus-
pended in 10 �l RNase-free water. Total RNA from the
human bladder cell line HCV29 cell line18 was isolated
with the Qiagen Total RNA Isolation kit (Qiagen Inc.,
Valencia, CA) and used for generating the calibration
curve. Reverse transcription (RT) took place in a final
reaction volume of 20 �l containing 50 units MuLV re-
verse transcriptase (Applied Biosystems, Foster City,
CA), 10X PCR buffer, 5 pmol specific antisense primer
(also used in PCR) for either Her-2/neu or �-actin, 4 U
RNase inhibitor (Roche), 4 mmol/L of each dNTPs, 6.25
mmol/L MgCl2, and 2 �l template. The RT step was
performed on a Perkin Elmer 9700 Thermocycler at 42°C
for 30 minutes followed by 94°C for 5 minutes.

Real-Time Quantitative RT-PCR Analysis of
HER-2 Gene Expression

Analysis of HER-2/neu and of housekeeping gene �-actin
expression was carried out using the LightCycler system
(Roche Molecular Biochemicals), following the manufac-
turer’s instructions. The theory and principles of real-time
quantitative PCR are described in detail elsewhere.19 We
used intron-spanning PCR amplicons and hydrolysis
probes.16,20 A standard curve for gene expression of
Her-2 and �-actin was constructed using total RNA from
a human urothelial cell line HCV 29, as described in detail
previously.14 In brief, 10-fold dilutions of RNA in water
were made to give 10 different calibrators, each with a
known amount of HCV 29 RNA. For both products a
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standard curve was generated and included in each PCR
run. PCR amplification for analyzing gene expression was
performed in a 20-�l reaction volume. A reaction mixture
(Lightcycler DNA Master Hybridization Probes mixture,
Roche Molecular Biochemicals) containing reaction
buffer, nucleotides, and Taq polymerase was used for the
PCR according to the supplier’s instructions. Probe,
sense primer, antisense primer, 3.2 �l H2O and 8.0 �l
cDNA were added to this reaction mixture (see Table 1
for sequence and concentration of primers and probes).
Quantification was initiated by incubation for 1 minute at
94°C, followed by 40 cycles with the following profile:
specific annealing temperature for 2 seconds, extension
at 72°C for 10 seconds and denaturation at 94°C, imme-
diately followed by the next amplification cycle. We cal-
culated the relative quantification using the ratio between
HER-2/neu and �-actin mRNA, to eliminate the constant
differences between genes and gene transcripts, that
might be generated during the process (eg, differences
due to variations in tissue preparation, template extrac-
tion, mRNA integrity, and PCR17). To ensure that no DNA
contamination had occurred, we included 20 samples
without reverse transcriptase.

Real-Time Quantitative PCR Analysis of HER-2
Gene Amplification

The real-time PCR protocol was established in accor-
dance with the manufacturer’s instructions. Test DNA
was used directly without any further purification or pre-
cipitation. The relative quantification of the HER-2/neu
gene and a reference gene was performed using the
LightCycler HER2/neu DNA Quantification kit (Roche Mo-
lecular Biochemicals). A 112-bp fragment of the HER-2/
neu gene and a 133-bp fragment of the reference gene
gastrin were amplified during the PCR reaction. Simulta-
neous quantification of the HER-2/neu gene and the ref-
erence gene was accomplished by using two different
LightCycler hybridization probes (Red-705 and Red-640,
respectively), enabling dual color detection in the same
capillary. Hybridization probes, enzyme, and reference
DNA were mixed together with 5 �l of template DNA,
resulting in a final volume of 20 �l. Activation of the
enzyme (hot-start) and denaturation of the template DNA
was performed at 95°C for 10 minutes. This was followed
by denaturation at 95°C for 10 seconds, annealing at
58°C for 10 seconds, and elongation at 72°C for another
10 seconds. This profile was repeated 45 times, after

which the specimens were cooled to 40°C. The kit con-
tains a calibrator DNA, to allow for reliable and reproduc-
ible data to be produced, and to make generation of a
calibration curve possible. The HER-2 and gastrin copy
numbers are determined using the ratio of Ct values of
the samples compared to the ratio target/reference gen-
erated in the calibration curve. We included three addi-
tional samples with known amplification status as positive
controls: one without amplification, and two with moder-
ate and strong amplification, respectively, enabling us to
calculate the inter-assay variation (coefficient of variation;
CV). According to the manufacturers, a twofold increased
ratio (�2) should be regarded as positive for HER-2/neu
DNA amplification.

Statistical Analysis

Statistical analysis was performed using SPSS Version
11, setting the statistical significance at P � 0.05. The
data obtained from real-time quantitative RT-PCR were
analyzed with a linear mixed model for repeated mea-
surements, where group is the fixed effect and patient is
the random effect. This statistical model furthermore al-
lows for analysis of total variation contributed by varia-
tions between the patients in the same group (var1) and
the variation secondary to tumor heterogeneity and/or
measurement inaccuracies (var2). The same statistical
model was used to analyze data obtained with the DNA
quantification kit. CV was calculated for inter-assay vari-
ation on the data obtained by the DNA quantification kit.
Results were compared using scatter plots.

Results

Immunohistochemical Analysis for HER-2/neu
Using the HercepTest

HER-2 protein status was assessed with the HercepTest.
Eight cases scored 3�, eight cases 2�, eight cases 1�,
and 3 cases 0. All three DCIS cases scored 1�. A repeat
test (blinded) gave identical results.

FISH Analysis of HER-2 Using PathVysion DNA
Probe Kit

All cases were suitable for FISH analysis. Nine of 30
tumors (30%) were amplified for the HER-2/neu gene.

Table 1. Sequences of Primers and Hydrolysis Probes Employed for Real-Time Quantitative RT-PCR

Oligonucleotide Sequence
Product size and reference

(in parenthesis)

HER-2/neu FP(5 pmol) 5�-cca gga cct gct gaa ctg gt-3� 72 bp (16)
HER-2/neu RP(5 pmol) 5�-tgt acg agc cgc aca tcc-3�*
HER-2/neu probe(1 pmol) FAM-cag att gcc aag ggg atg agc tac ctg-TAMRA
�-actin FP(10 pmol) 5�-cca cac tgt gcc cat cta cg-3� 99 bp (20)
�-actin RP(10 pmol) 5�-agg atc ttc atg agg tag tca gtc ag-3�*
�-actin probe(1 pmol) FAM-atg ccc tcc ccc atg cca tcc tgc gt-TAMRA

*The reverse primers were used in both reverse transcription and in PCR.
Abbreviations: FP, forward primer; RP, reverse primer; FAM, 6-carboxyfluorescein; TAMRA, 6-carboxytetramethylrhodamin.
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Eight were carcinomas, all of which also showed strong
expression by the HercepTest. One case (case no. 29) of
DCIS was also amplified. The remaining 19 carcinomas
and two DCIS cases were not amplified at the DNA level
(Table 2). In the amplified cases, HER-2 signals were
mostly bright and clustered, although two carcinomas
showed innumerable signals. In some cases, signals
were difficult to interpret, and hybridization had to be
extended over 2 nights. Five of the 8 tumors, which were
amplified in both IHC and FISH assays (62.5%), con-
tained signals for more than two cep-17 regions in at least
25% of the tumor cells. In comparison, more than two
signals for cep-17 were found in all 8 IHC 2� cases, in 7
of 8 IHC 1� cases, and in 2 of 3 IHC 0 cases. In the DCIS
lesions, only the single FISH-amplified case, had more than
two signals for cep-17 in some tumor nuclei. In general, neigh-
boring tumor cells in most cases displayed distinct heteroge-
neity, with regard to both Her-2 and cep-17 signals.

Real-Time Quantitative RT-PCR Analysis of
HER-2 mRNA Expression

When establishing the assay, we compared total RNA
extraction using Qiagen RNA kit (Qiagen), Ambion Par-
affin kit (Ambion, Inc., Austin, TX) and TRIzol-reagent
(Invitrogen, Life Technologies, Carlsbad, CA). These ex-
traction methods gave similar results (data not shown).
Furthermore, DNAase treatment of the samples did not
significantly affect the yield. The RT step was performed
with specific antisense primers for either HER-2 or �-ac-
tin, resulting in a 1000-fold increase in sensitivity, com-
pared to random hexamer primer (data not shown). We
used intron-spanning primers that amplified short se-
quences (eg, 99 bp for �-actin and 72 bp for HER-2). This
gave sufficient sensitivity to allow successful amplifica-
tion, even from the minute amounts of potentially dam-

Table 2. Comparison of IHC, FISH, and Real-Time PCR Analyses of HER-2 in Formalin-Fixed, Paraffin-Embedded Breast Tumors

Group* Case no.
Hercep1&2†

0, 1�, 2�, 3�
FISH HER-2/

CEP 17‡
Ratio mRNA§ HER-2/

�-actin N � 5
Ratio DNA¶ HER-2/

gastrin N � 5

A 1 3 �7.0 149.88 [107.55;179.38] 23.22 [10.58;30.48]
2 3 6.0 85.50 [23.01;130.19] 19.59 [6.6;34.25]
3 3 3.1 No result� 2.33 [0.62;34.44]
4 3 �7.5 182.92 [105.93;262.1] 67.45 [41.22;77.66]
5 3 6.0 222.12 [183.96;262.1] 43.79 [7.3;94.38]
6 3 6.6 24.46 [3.52;43.97] 17.98 [6.67;25.63]
7 3 4.2 29.59 [10.53;43.67] 4.12 [1.98;6.48]
8 3 4.0 65.86 [33.78;120.2] 7.48 [4.73;11.18]

B 9 2 1.1 17.06 [9.71;35.88] 2.89 [1.8;3.42]
10 2 1.1 4.82 [3.35;7.98] 2.46 [1.51;2.69]
11 2 1.1 58.93 [31.39;98.55] 2.08 [1.85;2.38]
12 2 1.2 6.59 [5.42;10.05] 1.88 [1.38;2.15]
13 2 0.9 61.61 [42.65;82.67] 2.13 [1.44;2.57]
14 2 1.0 7.67 [4.52;11.29] 1.91 [0.86;3.01]
15 2 1.0 4.82 [0.92;9.69] 2.6 [1.87;3.93]
16 2 1.0 2.85 [1.93;5.1] 1.98 [1.24;2.4]

C 17 1 0.8 18.05 [8.54;36.41] 0.93 [0.67;1.14]
18 1 1.1 43.85 [34.81;51.71] 0.64 [0.03;1.24]
19 1 1.1 8.62 [3.46;19.41] 0.34 [0.09;0.93]
20 1 0.9 26.23 [10.74;63.1] 0.37 [0.05;0.73]
21 1 1.1 17.45 [10.64;35.95] 1.58 [1.26;1.74]
22 1 1.1 9.89 [6.38;13.27] 1.45 [0.16;2.57]
23 1 1.3 13.93 [9.55;21.75] 1.12 [0.28;1.58]
24 1 0.9 10.61 [6.1;13.89] 1.24 [0.54;3.15]

D 25 0 1.0 51.53 [7.77;130.58] 1.79 [0.86;2.46]
26 0 1.0 0.46 [0.32;0.76] 1.98 [1.19;2.52]
27 0 1.0 35.51 [4.25;104.4] 1.53 [0.86;1.9]

E 28 1 1.1 33.33 [13.99;41.3] 0.96 [0.34;1.47]
29 1 2.4 7.15 [2.95;10.58] 2.15 [1.99;2.33]
30 1 1.4 29.92 [7.18;95.76] 1.86 [0.93;2.71]

*Groups A–D � Invasive ductal carcinomas (HercepTest 3�, 2�, 1� positive; 0, negative). Group E � DCIS.
†Duplicate blinded HER-2 protein expression assay (HercepTest).
‡CEP 17 � probe for chromosome 17 centromere region.
§Relative HER-2/neu mRNA expression (Her-2/neu/�-actin) in absolute values. Values are given as means, with min and max values.
¶Relative HER-2/neu gene amplification in accordance with the LightCycler HER2/neu DNA Quantification kit (Roche). Values are given as means,

with min and max values.
�Insufficient mRNA for analyzing both HER-2 and �-actin.
A–D � Invasive ductal carcinomas.
E � DCIS cases.
Abbreviations: DCIS, ductal carcinoma in situ; IHC, immunohistochemistry; FFPE, formalin-fixed, paraffin-embedded; FISH, fluorescence in situ

hybridization.
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aged RNA available in the FFPE archival material used in
this assay. An initial comparison of different reverse tran-
scriptase enzymes (Superscript (Invitrogen, Life Technol-
ogies), Sensiscript (Qiagen), and MuLV (Applied Biosys-
tems)) and a trial of priming at specific annealing
temperature in the reverse transcriptase step, did not
show any one method to be superior (data not shown).
Omitting the enzyme in the RT step resulted in no ampli-
fication of products.

HER-2 mRNA could be analyzed by real-time quanti-
tative RT-PCR in all 30 cases (Table 2), although in one
carcinoma (no. 3) there was insufficient cDNA available
for subsequent analysis of �-actin. In all cases, at least
three of the five microdissected samples from each par-
affin section gave satisfactory results for HER-2 mRNA; in
the majority of cases, all five samples were informative. In
total, 141 of 150 samples (94%) gave informative results.

Based on the IHC and histological findings, test cases
were assigned to five groups: group A, 3� amplification;
group B, 2� amplification; group C, 1� amplification;
group D, no amplification; group E, DCIS cases only.
RT-PCR data were analyzed in relation to these groups
(Table 2). We performed statistical analysis for repeated
measurements on the ratio between HER-2 and �-actin,
as well as on the data obtained from HER-2 and �-actin
alone.

After normalization of the HER-2 results to the refer-
ence gene, we found a highly significant difference be-
tween group A and the remaining groups (P � 0.0001;
Table 3). The total variation was composed partly by the
variation between patients in the same group (Table 3;
var1 � 73%) and partly by the variation that resulted from
tumor heterogeneity and/or measurement inaccuracies
(Table 3; var2 � 27%). Similar results were found for
HER-2 alone and after normalization to the number of
cells in each experiment (n �24; Table 3). The same test
was performed on the data obtained from �-actin alone,
and showed no systematic difference between the
groups (P � 0.530). In this case, the values for var1 and
var2 were 81% and 19%, respectively. A similar result
was found after normalization to the number of cells.
Overall, the data obtained exhibited a distinct spread of
values for the five samples per case in many of the
patients (Table 2). Moreover, there was a distinct overlap
between data in the different groups (Figure 1).

Real-Time Quantitative PCR Analysis of HER-2
Gene Amplification

The LightCycler HER2/neu DNA Quantification kit (Roche
Molecular Biochemicals) was simple to perform and gave
satisfactory results in most microdissected paraffin sec-
tions from all cases. A total of 146 of 150 samples (97.3%)
were informative. The ratio between HER-2 and the ref-
erence gene gastrin showed a significant difference be-
tween group A and the remaining groups (P � 0.0001),
with var1 and var2 being 54% and 46%, respectively. The
inter-assay variation (CV) was 12%, leaving tumor heter-
ogeneity to account for 34% of the total variance. The
data obtained for each patient with five separate mea-

Table 3. Real-Time Quantitative HER-2 mRNA Expression and DNA Amplification in Breast Tumors

Analysis Group P-value Var1* Var2* CV†

mRNA Ratio HER-2/�-actin A against B–E 0.0001 73% 27% n.d.
HER-2 alone A against B–E 0.0001 68% 32%
HER-2/cell A against B–E 0.0001 68% 32%
�-actin alone A against B–E 0.530 81% 19%
�-actin/cell A against B–E 0.530 81% 19%

DNA Ratio HER-2/gastrin A against B–E 0.0001 54% 46% 12%

*Var1 and var2 are variance components describing the proportion of total variation contributed by variations between the patients within the same
group and the variation secondary to tumor heterogeneity and/or measurement inaccuracies.

†CV describes inter-assay variation.
Abbreviations: Var, variance; CV, coefficient of variation; n.d., not done.

Figure 1. Comparison of IHC, FISH and real-time RT-PCR analysis of HER-2
status in 29 breast tumors. Data are displayed as a function of IHC, FISH, and
RT-PCR values. The RT-PCR values are given as a ratio between HER-2 and
�-actin. The y-axis is displayed as a logarithmic scale. The 2 vertical lines on
the x-axis show the lower and upper cut-off values for “borderline” ampli-
fication in FISH (1.8 and 2.2, respectively). For cases with FISH values in this
area, analysis was repeated.
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surements showed minor variation in non-amplified tu-
mors, whereas there was considerable spread in tumors
exhibiting distinct gene amplification (Table 2 and Figure
2).

Comparison of HER-2 Status Assessed by IHC
and FISH

Analysis of HER-2 status in the carcinomas using IHC
and FISH gave results consistent with those that could be
expected on the basis of previously published data.
Thus, all eight carcinomas with amplification determined
by FISH, also showed strong expression of HER-2 protein
at the 3� level. One DCIS case (case no. 29) was found
to be amplified using FISH, but scored only 1� in the
HercepTest.

Comparison of IHC, FISH, and Real-Time
Quantitative PCR Assays of HER-2 mRNA
Expression

Most cases showing amplification in FISH and strong
protein expression in IHC (3�), had distinctly high ex-
pression of HER-2 mRNA measured by real-time quanti-
tative RT-PCR (Figure 1). Cases with only moderate or
lesser levels of HER-2 protein expression, showed mild to
moderate expression of HER-2 mRNA. There was, how-
ever, a distinct overlap between these cases and the
cases with strong protein expression (Figure 1).

Comparison of IHC, FISH, and LightCycler
HER2/neu DNA Quantification Kit Assays of
HER-2 Status

Cases amplified in FISH and with strong expression of
HER-2 protein (IHC 3�) were all found to be amplified
using the LightCycler kit (Tables 4 and 5, Figure 2). In
addition, the single FISH-positive, IHC-negative DCIS
case, was also found to be amplified by DNA-PCR (Ta-
bles 4 and 5). With the exception of this case, all other
IHC 0 and 1� tumors were not amplified by PCR. Five of
the IHC 2� cases were amplified in PCR, but were neg-
ative with FISH (Table 4 and Figure 2). The degree of
polysomy 17 found by FISH in these five cases was not
significantly different to that found in the other IHC 2�
cases.

Discussion

Recent advances in our understanding of the genetic
alterations underlying the development of breast carci-
noma have opened the way for new treatments of the
disease based on the identification of molecularly distinct
patient subgroups. In an era of patient-specific therapy,
the clinical importance of demonstrating HER-2/neu am-
plification and/or high gene expression is compelling.
What is less clear, is the optimal method for evaluating
HER-2 status in the routine clinical setting. In the present
study, we show that by combining the precision and high
sensitivity of real-time PCR analysis with the morpholog-
ical specificity of histological microdissection, it is possi-
ble to quantify both HER-2 gene amplification and gene
expression in routine FFPE archive tissues. Despite the
inevitable degradation of nucleic acids that occurs with
formalin-fixation and paraffin-embedding, our real-time

Figure 2. Comparison of IHC, FISH and real-time PCR analysis on HER-2
status in 30 breast tumors. Data are displayed as a function of IHC, FISH and
LightCycler HER2/neu DNA quantification kit values. The y-axis is displayed
as a logarithmic scale. The horizontal line on the y-axis represents the
cut-off value for the kit (�2.0). The two vertical lines on the x-axis show
the lower and upper cut-off values for “borderline” amplification in FISH (1.8
and 2.2, respectively). For cases with FISH values in this area, analysis was
repeated. Some of the data points are partly overlapping.

Table 4. Comparison of IHC and Real-Time LightCycler PCR
Analysis of HER-2 Status in 30 Breast Tumors

IHC 3� IHC 2�
IHC

negative* Total

HER-2 gene
amplification†

8 5 1 14

HER-2 gene non-
amplification‡

0 3 13 16

Total 8 8 14 30

*IHC cases scoring 0 and 1.
†HER-2 ratio � 2.0.
‡HER-2 ratio � 2.0.

Table 5. Comparison of FISH and Real-Time LightCycler PCR
Analysis of HER-2 Status in 30 Breast Tumors

FISH
amplified

FISH not
amplified Total

HER-2 gene amplification* 9 5 14
HER-2 gene non-

amplification†
0 16 16

Total 9 21 30

*HER-2 ratio � 2.0.
†HER-2 ratio � 2.0.
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PCR protocol proved to be both robust and reliable,
giving informative results in the great majority of micro-
dissected paraffin tissue samples studied. Thus, detec-
tion of RNA and DNA were successful in 141 (94%) and
146 (97.3%) of 150 samples, respectively. Of particular
interest, assessment of HER-2 amplification in microdis-
sected tumor cells using the commercial real-time Light-
Cycler HER2/neu DNA quantification kit correlated fairly
well with the results of the more established assays of
FISH and IHC, suggesting that this technique may be a
feasible alternative for assessment of HER-2 status in a
clinical setting.

IHC assays of HER-2 protein expression are currently
the most widely used methods for assessing HER-2 sta-
tus. The main advantages of these techniques, are that
they are rapid and simple, they can be performed in most
pathology laboratories, and that (when compared with
other assays) they are relatively inexpensive. Further-
more, strong IHC-determined HER-2 protein expression
is linked to clinical outcome and treatment response.
However, IHC assay reliability has been questioned, be-
cause variations in tissue fixation, handling and process-
ing, as well as differences in antibody clone used,21

objective scoring criteria, controls and inter-observer
variability in interpretation can all influence the precision
of the results. These causes of IHC assay variability help
explain the widely differing rates of HER-2 expression in
breast carcinomas reported previously.

The technical difficulties associated with IHC, have
prompted the development of FISH assays for quantify-
ing HER-2 gene amplification, particularly in cases found
to be borderline by HER-2 IHC.22,23 FISH has the advan-
tage of being a quantitative method that correlates well
with the results of IHC assays,9,24 and it is generally
regarded as the gold standard technique for evaluating
HER-2 status. Major drawbacks are that FISH is techni-
cally difficult to carry out, laborious to set up, time con-
suming to perform, and costly compared to IHC. More-
over, this technique is currently only available in a
minority of pathology laboratories.

A key advantage shared by IHC and FISH techniques
for HER-2 evaluation is that they are based on micro-
scopic analysis. In principle, this allows for changes in
gene copy number and gene product expression to be
assessed specifically in the tumor cell population. While
this is an integral part of IHC assays such as the Her-
cepTest, it is in practice only a theoretical advantage in
most FISH analysis, since simultaneous morphological
assessment of tissues is difficult in most routinely applied
fluorescence-based in situ hybridization protocols. More
precise morphological assessment is possible using
chromogenic in situ hybridization (CISH).25,26 This tech-
nique uses non-fluorescence-labeled probes in a paraffin
section in situ hybridization protocol. This allows HER-2
status to be assessed in breast carcinomas on a cell-to-
cell basis using a bright-field microscope. However, the
sensitivity, precision, clinical correlates and usefulness of
this technique remain to be established. A possible
source of error with CISH, is that current protocols are
based on a single-color detection of one probe only,

masking possible HER-2 pseudo-amplification caused
by chromosome 17 polysomy.

The inability to relate molecular changes in test tissues
to specific histological components (eg, tumor cells) is a
major disadvantage of blotting and PCR techniques
based on analysis of extracted nucleic acids. Earlier
published PCR-based methods to detect HER-2 amplifi-
cation have been essentially semi-quantitative, based on
fixed-cycle PCR with analysis by gel electrophoresis.27

However, the development of real-time PCR methods
makes it possible to perform more precise quantitative
analysis of gene amplification. These methods are easy
and rapid to perform, can be used to test multiple sam-
ples, have a low risk of contamination (no post-amplifica-
tion manipulation of amplicons), and can be automated,
making them potentially useful methods for screening
tumors for HER-2 amplification in a routine clinical setting.
However, dilution of tumor genomic material with nucleic
acids from non-neoplastic tissue components is an im-
portant potential source of imprecision in such quantita-
tive assays in many cancers, not least in breast carci-
noma in which non-malignant cells may account for more
than 50% of the tumor.28 In the setting of HER-2 analysis,
this will tend to increase the number of false-negative
tumors, an effect that is undesirable and possible unac-
ceptable in a screening procedure. In keeping with this,
a recent study has shown, that low-level HER-2 gene
amplification was no longer detectable by real-time PCR
if the breast carcinoma cells compromised less than 30%
of the tumor specimen.29

To reduce the problem of tumor tissue heterogeneity,
we performed histological microdissection before PCR
analysis. LAM has emerged recently as a key methodol-
ogy for this purpose, allowing rapid and precise collec-
tion of homogeneous tumor cells from complex tissues
suitable for a variety of downstream molecular applica-
tions.12 In this study, LAM proved to be a reliable tech-
nique that, once learned, was quick and as easy to
perform as FISH. Tumor cell specimens obtained in this
way gave satisfactory results with both real-time quanti-
tative RT-PCR and PCR in almost all samples, even
though the actual number of cells in individual analyses
was very small (�24 in RT-PCR and �50 in DNA-PCR).
Formalin-fixation and paraffin-embedding is highly de-
structive of RNA, with the result that mRNA levels may be
decreased by up to 99% in such tissues, with residual
RNA being extensively degraded.13,14 As a result, it has
been considered essentially impossible to perform quan-
titative RT-PCR on archival paraffin block material. De-
spite this, several groups have recently published stud-
ies, in which the small amounts of degraded RNA in FFPE
tissues can be successfully amplified and detected using
highly sensitive real-time RT-PCR techniques.14,16,20,29

Our study contributes further to these findings. We were
able to show a statistically significant difference between
the different tumor groups with regard to both the ratio
between HER-2 and �-actin mRNA, and HER-2 mRNA
alone. In contrast, no significant differences were found
between groups in levels of mRNA from the housekeep-
ing gene �-actin. We found considerable variation in
HER-2 mRNA levels comparing different patients, a
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higher degree of variation than was due to differences in
the HER-2 data, as compared with �-actin. The rather
large spread of mRNA levels within individual patients
comparing the five parallel analyses, which contributed
to the total variation, also calls for attention (Table 2). We
believe this to be an expression of both tumor heteroge-
neity and of technical inaccuracies. Although we found
statistically significant differences in HER-2 mRNA levels
in our test tumors, there was a clear overlap of gene
expression levels in the different groups. This suggests
that HER-2 gene expression data from FFPE tissue stud-
ies should be used with caution, especially in the clinical
setting. As discussed by Bustin,30 there are several other
potentially important problems to consider with regard to
the evaluation of real-time quantitative RT-PCR. The use
of housekeeping genes is difficult in in vivo studies, as the
mRNA level of these genes may vary considerable, and
in LAM specimens it is not possible to quantitate total
RNA. However, we found that �-actin mRNA expression
was similar in all groups, while there were statistically
significant differences in HER-2 mRNA levels comparing
different groups with regard to HER-2 normalized to �-ac-
tin, HER-2 alone, and HER-2 normalized to cell number,
suggesting that it was appropriate to normalize HER-2
levels to this housekeeping gene.

Compared to our real-time quantitative PCR analysis of
HER-2 gene expression, evaluation of gene amplification
using the LightCycler HER2/neu DNA Quantification kit
(Roche Molecular Biochemicals) showed an even better
agreement with both IHC and FISH data. Although DNA
undergoes substantial changes during formalin-fixation,
it is more stable than RNA. While DNA also undergoes
degeneration in FFPE tissues, the short amplicon size
used in the DNA quantification kit allows for reliable am-
plification of the fragmented DNA available in our micro-
dissected samples. Compared to the data for HER-2
gene expression, we found less variation in levels of gene
amplification in the different groups (Table 2). We believe
that this is a result of DNA being relatively less degraded
than RNA in FFPE material. The data also reveals a de-
gree of tumor heterogeneity (Table 3; 34% (var2-CV)) in
spite our attempts to minimize this phenomenon by dis-
secting adjacent tumor areas. We suggest that in similar
future studies, at least three repeated measurements
should be conducted on tumor tissue from each patient.
Furthermore, the total variance was contributed less by
the differences between patients in the same group (Ta-
ble 3; var1 � 54%). The results from FISH analysis show
that this should come as no surprise. Twenty-three of
thirty cases (76.7%) showed polysomy of cep-17 and an
even higher number (27 of 30) showed heterogeneity of
HER-2 signals.

Using the LightCycler HER2/neu DNA Quantification
kit, we found 14 tumors in which the mean HER-2 score
was above the cut-off value of �2. Eight of these cases
strongly overexpressed HER-2 protein by the Hercep-
Test. Interestingly, five of the remaining six tumors scored
�2 in the IHC assay. These cases were not FISH ampli-
fied. We have considered whether these may in fact be
showing true amplification at the DNA level, although
clearly the numbers included in our study are too small to

allow any firm conclusions. Furthermore, it might be more
appropriate for the cut-off value of the LightCycler kit (�2
indicates Her-2 gene amplification) to be given as a
range of values (analogous to the FISH assay), instead of
a single value. Indeed, it should be stressed that the
mean value for some of the cases came very close to the
cut-off value. However, the precision of FISH analysis is
also dependent on the degree of tumor heterogeneity.
While we were able to use LAM to help enrich our PCR
samples for tumor cells, it should be remembered that
tissues examined by FISH may contain a variable number
of non-malignant cells within the counting area. Using
routine FISH protocols with DAPI counter-stain, fine mor-
phological analysis is not possible, giving a potential
source of error. Thus, although FISH is regarded as the
gold standard to be used when assessing other methods
for HER-2 analysis, it is not necessarily true that this
technique will always give the most precise results. In
light of this, our results raise the possibility that real-time
PCR quantification of HER-2 gene amplification in micro-
dissected breast carcinoma tissue may be as good, or
even better than established techniques for determining
HER-2 status.

While the advantages of IHC analysis make it likely that
this technique will continue to be used as the most wide-
spread method for primary screening of HER-2 status in
breast carcinomas, microdissection with real-time PCR
may be a useful supplement or even alternative to FISH
for quantitative confirmation of HER-2 gene amplification.
At first sight, the logistics of performing microdissection
and real-time PCR might seem to be against their more
widespread use. However, while the equipment and ex-
pertise for performing these techniques are not found in
most routine laboratories, they are becoming increasingly
available. Thus, they are already used in specialized
laboratories, including many HER-2 reference pathology
laboratories. FISH is also a methodology that requires
special equipment and expertise that are not available in
many routine laboratories. Furthermore, FISH is still quite
a laborious and slow assay to use. In most routine pro-
tocols, FISH takes at least 2 days to perform. In our set
up, procurement and preparation of microdissected
specimens (including sectioning, deparaffinization, stain-
ing, microdissection, and protein-digestion) takes 1 to 2
days. If necessary, deparaffinization times can be further
reduced. Thus, in a routine clinical setting we believe it
would be possible to perform HER-2 analysis on micro-
dissected samples within 1 to 2 days in most cases.
While the microdissection is likely to be a rate-limiting
step in high-throughput HER-2 testing, this is to a great
extent counterbalanced by the suitability of PCR for batch
analysis. For example, the LightCycler HER2/neu DNA
Quantification kit analyzes 32 samples (ie, 10 tumors in
triplicate) in a single run, thus making it possible to per-
form high-throughput analyses.

Clearly, before considering the use of microdissection
with real-time quantitative PCR for HER-2 analysis, larger
studies will be required to confirm our findings, and to
correlate the results of the assay with clinical outcome of
the patients. However, we believe that this technique may
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have a useful role to play in the assessment of HER-2
gene amplification in both research and clinical settings.
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