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Two quantitative polymerase chain reaction (PCR)
methods for HER2/neu gene quantification were eval-
uated for implementation into a clinical laboratory.
Assays were developed using sequence-specific hy-
bridization probes to detect a target (HER2/neu) and a
reference gene (�-globin) simultaneously. One
method utilizes real-time quantification while the sec-
ond uses internal competitors and melting curves to
quantify the unknown sample. These two methods
were evaluated using three cell lines and 97 breast
tumor samples. Two hundred ninety-four samples
were subsequently evaluated using the real-time
quantification and immunohistochemical (IHC) stain-
ing. Real-time PCR gave HER2/neu gene doses of 10
for SKBR3 and 2 for T47D while the competitive PCR
gave doses of 11 for SKBR3 and 2.2 for T47D. Both
methods produced coefficients of variation (CV) of
less than 3% for within-run and less than 6% for
between-run analysis. Examination of 97 breast tu-
mors found a correlation of r � 0.974 between the
two methods. IHC and PCR results agreed for 234 of
the subsequent 294 samples analyzed (79% concor-
dance). A subset of ten discrepant samples was micro-
dissected. After microdissection all ten were positive
by PCR, thus resolving the discrepancy. Real-time
quantification and microdissection is useful clinically
for HER2/neu quantification. Its ease of use and broad
dynamic range allows screening for amplification of
HER2/neu. (J Mol Diagn 2003, 5:184–190)

HER2/neu is a proto-oncogene located on chromosome
17 which codes for a 185-kd transmembrane protein
closely related but distinguishable from the EGF recep-
tor.1,2 It is amplified in 25% to 30% of primary breast
tumors and is associated with poor prognosis in both
node-positive and -negative patients.3–8 A monoclonal
antibody, Herceptin, has been developed against HER2/
neu. Preliminary trials in which the drug is administered in
addition to chemotherapy have shown an increase in
tumor response and a slowing of disease progres-
sion.9–11 Because of the clinical implication of HER2/neu
amplification, many methods exist for quantification of
Her2/neu. Traditional methods for detection include im-
munohistochemical staining, fluorescent in situ hybridiza-
tion (FISH), and more recently, molecular methods.

Recent advances in polymerase chain reaction (PCR)
technology using the real-time fluorescent monitoring ca-
pabilities of the LightCycler allow mutation detection and
quantification of gene amplification.12 This technology
combines real-time PCR and fluorescent detection using
sequence-specific hybridization probes labeled with flu-
orophores. Fluorescent hybridization probes are de-
signed to monitor product accumulation during the log
phase of the PCR reaction13 and allow end-point analysis
through the use of melting curves.14 We have developed
two PCR assays with different levels of control, that quan-
tify the HER2/neu gene amplification in DNA extracted
from cell lines and from fresh-frozen and paraffin-embed-
ded tissues. Both assays target the HER2/neu gene while
using a single-copy gene, �-globin, as an internal control.
�-globin was chosen as the reference gene because this
area of chromosome 11p has not been shown to be
commonly altered in breast cancer.15 Use of a non-chro-
mosome 17 reference gene would detect increased
HER2/neu copies due to gene amplification as well as to
aneuploidy.16 HER2/neu and �-globin are co-amplified in
both assays and the HER2/neu gene copy number is
normalized for �-globin gene copy number. To control for
run-to-run differences, a gene dose is obtained by ad-
justing the HER2/neu and �-globin copy numbers with the
MRC-5 cell line that carries a single copy of each gene.
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In the first method, samples are amplified and quanti-
fied in real-time using external standard curves. HER2/
neu and �-globin gene copy numbers are obtained by
comparing the second derivative maximum (crossing
point) of sample curves with their respective standard
curves.17

The second method uses competitive PCR for an ad-
ditional level of control. Samples are co-amplified with a
dilutional range of competitors that differ from the HER2/
neu and �-globin amplicons by one bp. Copy numbers
for HER2/neu and �-globin are determined by comparing
the derivative melting curve area of target gene with the
area of the competitor with known copy number.18 The
target and competitor are differentiated based on melting
temperature (Tm) of the probe. The Tm difference be-
tween the probe dissociating from a perfectly matched
template and dissociating from a template with a single
mismatch is 4 to 15°C, depending on the mismatch, the
base composition of its nearest neighbors, length of the
probe, and salt conditions.12 For this system, the Tm
differences are 12°C for HER2/neu and 11°C for �-globin.

The purpose of this study is to compare these two
methods, examining correlation between the methods,
the within- and between-run variation, the dynamic range
and level of control necessary for precise analysis. On
completion of the methods analysis, the real-time PCR
method was chosen and accuracy of the method was
determined against IHC staining.

Materials and Methods

Sample Preparation

The assay parameters were developed using SKBR3
(ATCC No. HTB-30), a cell line derived from an adeno-
carcinoma, containing approximately 11 copies of HER2/
neu19,20 and T47D (ATCC No. HTB-133), a ductal carci-
noma cell line with approximately 4 copies HER2/
neu.19,21 The single copy HER2/neu control DNA was
extracted from MRC-5 (ATCC No. CCL-171), a fetal lung
cell line. DNA was prepared from cell lines using phenol/
chloroform extraction and ethanol precipitation.22

DNA concentration was determined using the Pico-
Green dsDNA Quantification kit (Molecular Probes, Eu-
gene, OR) adapted to the LightCycler. The Lambda DNA
standards were diluted twofold to give a concentration
range from 200 ng/ml to 6.5 ng/ml. The reaction volume
was reduced from 200 �l (manufacturer’s instructions) to
20 �l (10 �l sample � 10 �l dye) and loaded into Light-
Cycler capillaries for both standards and unknowns. The
fluorescence was read using the LightCycler fluorimeter
after disabling the “Use Seek Threshold” option. The
cycling program was set to hold the samples at 30°C
while acquiring three fluorescence readings. Fluores-
cence was read in the 520-nm (fluorescein) channel.
Fluorescent background was subtracted and a standard
curve was generated by plotting fluorescence values
against known standard concentrations. Unknown con-
centrations were determined by using the equation of the
standard curve. DNA concentration of each of the three

cell lines was determined to be 4 ng/�l (approximately
1200 copies of disomic genes/�l) using PicoGreen. A
1-�l volume of each cell line was used in the PCR.

DNA samples from fresh and frozen breast tumor tis-
sues were obtained under a research protocol from Pen-
rose Hospital (Colorado Springs, CO) and Louisiana
State University Medical Center (Shreveport, LA). DNA
concentrations were adjusted to 4 to 5 ng/�l in 10 mmol/L
Tris (pH 8.0), containing 0.1 mmol/L EDTA. All samples
were boiled for 10 minutes before PCR. DNA samples
from paraffin-embedded tissues were obtained from Sun-
nybrook and Women’s College, Health Sciences Center,
Toronto, Canada.

Three hundred fifty-five paraffin-embedded breast tu-
mor samples were obtained from ARUP (Salt Lake City,
UT) under an Internal Review Board-approved protocol.
Two 20-�m sections adjacent to the tissue used for the
IHC staining were cut and one section was extracted
using Puregene DNA Isolation Kit (Gentra, Minneapolis,
MN). The other section was placed onto a glass slide to
hold for possible microdissection. The monoclonal anti-
body c-erbB2/c-neu, clone 3B5, (Oncogene, CN Bio-
sciences, Boston, MA) was used for the IHC staining. A
subset of ten samples was prepared according to stan-
dard protocol (www.arctur.com) and microdissected us-
ing the Pixcell II Laser Capture Microdissection (LCM) sys-
tem (Arcturus, Mountain View, CA). Approximately 100
nuclear targets were captured for each sample. DNA was
isolated using the PicoPure DNA extraction kit (Arcturus).

Primers and Probes

Primer synthesis and labeling were performed as previ-
ously described.13,23,24 The forward primer for HER2/neu
was 5�-CCT CTG ACG TCC ATC GTC TC-3�. The reverse
primer for HER2/neu was 5�-CGG ATC TTC TGC TGC
CGT CG-3�.18 The probe sequences were 5�-CTT GAT
GAG GAT CCC AAA GAC CAC CCC CAA GAC CAC-3�
with the 3� end labeled with fluorescein and 5�-ACC AGC
AGA ATG CCA ACC A-3� with the 5� end labeled with
LCRed 640 (Roche Molecular Biochemicals, Indianapo-
lis, IN), and the 3� end blocked with a phosphate group.18

The primers for �-globin were 5�-ACA CAA CTG TGT TCA
CTA GC-3� (forward) and 5�-CAA CTT CAT CCA CGT
TCA CC-3� reverse.25 The probe sequences for �-globin
were 5�-CCA CAG GGC AGT AAC GG-3� with the 3�end
labeled with fluorescein and 5�-AGA CTT CTC CTC AGG
AGT CAG GTG CAC CAT G-3� with the 5� end labeled
with LCRed 705 (Roche Molecular Biochemicals, India-
napolis, IN), and the 3� end blocked with a phosphate
group.

External Standards Preparation

External standards for HER2/neu and �-globin were con-
structed by amplifying genomic DNA using rapid cycle
PCR.12,26 The PCRs were performed in two separate
reactions using 0.5 �mol/L of each appropriate primer,
200 �mol/L each dNTP, 3.0 mmol/L MgCl2, 50 mmol/L
Tris (pH 8.3), 500 mg/L bovine serum albumin, 0.4 U Taq
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polymerase (Boehringer Mannheim, Mannheim, Ger-
many) and 250 ng DNA per 50 �l total reaction volume in
a thin-walled microfuge tube adapted for use in a rapid
air thermocycler (Rapid Cycler, Idaho Technology, Salt
Lake City, UT). PCR conditions were 94°C for 30 sec-
onds, 50°C for 30 seconds, and 75°C for 30 seconds for
30 cycles. The transition rate between 50°C and 75°C
was 1.0°C/second.

PCR products (101 bp for HER2/neu and 110 bp for
�-globin) were visualized as single bands by agarose gel
electrophoresis. PCR products were purified and con-
centrated using Amicon Ultrafree-DA (Millipore Corpora-
tion, Bedford, MA) membranes following manufacturer’s
instructions. The amplicons were sequenced by dye-
terminator chemistry (ABI 377 Sequencer, Applied Bio-
systems, Foster City, CA) for sequence confirmation.
Concentrations were determined by PicoGreen as de-
scribed above and converted to copy number. External
standards of HER2/neu and �-globin templates were
combined in equal concentrations.

Internal Competitor Preparation

Internal competitors for HER2/neu and �-globin were con-
structed in the same manner as the external standards
except using an extended primer with a single base
alteration from the wild-type sequence. The forward com-
petitive primer for HER2/neu was 5�-CCT CTG ACG TCC
ATC GTC TCT GCG GTG GTT [A]GC ATT CTG CTG
GT-3�.14 The introduced base change is indicated in
brackets. The reverse primer for �-globin was modified
with the sequence 5�-CAA CTT CAT CCA CGT TCA CCT
TGC CCC ACA GGG [T]AG TAA CGG-3�.

LightCycler PCR Amplification

In both assays, the HER2/neu target sequence and a
single-copy gene, �-globin, were co-ampified in the
same reaction. Five tenfold serially diluted external stan-
dards ranging from 1000,000 to 100 copies along with 4
ng of each unknown sample comprised the real-time PCR
runs. The competitor PCR method used 4 ng of unknown
sample co-amplified with five serial dilutions of competi-
tor ranging from 25,000 to 1500 copies.

PCR for both methods was performed using 200
�mol/L each dNTP, 3.0 mmol/L MgCl2, 50 mmol/L Tris
(pH 8.3), 500 mg/L bovine serum albumin, Klentaq poly-
merase (4 units/10 �l; AB Peptides, St. Louis, MO), and
TaqStart antibody (0.32 �g/10 �l; Clontech, Palo Alto,
CA). Primer concentrations were 0.5 �mol/L for the for-
ward primer and 0.2 �mol/L for the reverse primer. Probe
concentrations were 0.2 �mol/L. PCR conditions for the
external standard method were 94°C for 3 seconds, 58°C
for 10 seconds, and 75°C for 0 seconds for 40 cycles.
The programmed transition rates were 20°C/second from
denaturation to annealing, 1°C/second from annealing to
extension (during which primer extension is occurring),
and 20°C/second from extension to denaturation. Fluo-
rescence was detected once per cycle at the end of the
annealing stage. PCR conditions for the competitive PCR

method were 94°C for 3 seconds, 53°C for 10 seconds,
and 72°C for 0 seconds for 37 cycles. The programmed
transition rates and detection of fluorescence were as
described above. On completion of the amplification, the
samples were denatured at 94°C for 3 seconds, cooled to
35°C at transition rate of 20°C/second, and held for 2
minutes. The samples were then heated to 90°C at a rate
of 0.1°C/second with continuous fluorescence monitor-
ing. The data were plotted as negative derivative fluores-
cent curves with respect to temperature (�dF/dT).

Analysis

Analysis was performed using two detection channels on
the LightCycler. The LCRed640 channel was used to
monitor the HER2/neu target and the LCRed705 channel
was used to monitor the �-globin target. A color compen-
sation file was used to correct for fluorescence bleed-
through.24

The real-time PCR method used crossing point analy-
sis, the cycle number at which amplicon is first detectable,
for quantification. The crossing points were obtained using
the second derivative maximum (LightCycler 3 Data Anal-
ysis version 3.5.28 software). All calculations were made
using the RealQuant software version 1.00 program (Roche
Molecular Biochemicals, Indianapolis, IN).

The competitive PCR method used end-point analysis
to compare competitor to target peak areas. Areas of the
derivative melting curves were determined using non-
linear least-squares regression analysis.14 The log of
each target area/competitor area was plotted against the
log of the competitor copy number. A line was fit through
the plotted points, and the x axis intercept determined the
target copy number.

For both methods, HER2/neu copy number was calcu-
lated as the ratio of HER2/neu copy number to �-globin
copy number. HER2/neu/�-globin copy number was nor-
malized between runs using the MRC-5 cell line to
achieve a gene dose. A gene dose greater than 2.5 was
considered amplified. Gene doses smaller than 1.5 were
considered non-amplified, while gene doses between 1.5
and 2.5 were indeterminate.

Results

Both assays use artificial templates for quantification. The
real-time method uses wild-type amplicons while the
competitive PCR method uses amplicons with a single
base alteration. Preferential amplification of either the
wild-type or the competitor amplicon was assessed be-
fore beginning the assay comparison. To examine this,
equal concentrations of each template were amplified
and quantified using both methods. When run in separate
tubes, equal starting concentrations of wild-type and
competitor generated equal crossing point values. When
both competitor and wild-type were included in the same
tube at equal concentrations, equal melting peak areas
(Figure 1) resulted. These findings illustrate no preferen-
tial amplification of one amplicon over the other.
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Assays were tested on DNA extracted from three cell
lines: MRC-5 (a single HER2/neu gene copy), T47D (ap-
proximately 4 HER2/neu copies), and SKBR3 (approxi-
mately 11 HER2/neu copies). Figure 2A shows HER2/neu
and �-globin amplification in the three cell lines. Figure
2B shows the external standard curves generated by
plotting the log concentration of the standards versus the
crossing point. The slopes are not identical, indicating a
small efficiency difference between the two reactions.
Because each target is compared with its own standard
curve in every reaction, this efficiency difference has no
effect on copy number. The three cell lines contained a
single copy of �-globin as illustrated by similar crossing
points (LCred 705 channel). Varying copy numbers of
HER2/neu were found in the three cell lines (LCred 640
channel). The calculated HER2/neu gene doses when
compared with the single copy MRC-5 cell line were 10
copies for SKBR3 and 2 for T47D. FISH analysis was

performed which confirmed copy numbers in these cell
lines.14 The differece in copy number from the published
values possibly could be due to cell lines undergoing
multiple passages.

In the competitive PCR method, the three cell lines
displayed varying amounts of HER2/neu amplification
(Figure 3A), as expected due to their varying Her2/neu
copy number, while the �-globin product remained nearly
constant (Figure 3B) when compared with the appropri-
ate competitor. Likewise, the linear-fit lines in the analysis
show different x-intercepts for HER2/neu (Figure 4A) and
similar intercepts for �-globin (Figure 4B). When normal-
ized to the MRC-5 cell line, a HER2/neu gene dose of 11
was detected in the SKBR3 cell line and a gene dose of
2.2 in the T47D cell line.

To determine the within-run precision of the assay, the
three cell lines, MRC-5, T47D, and SKBR3, were ana-
lyzed in triplicate using both assays. The between-run
variation was calculated from three separate runs in both
assays. Both methods produced coefficients of variation
of less than 3% for within-run and less than 6% for be-

Figure 1. Equal starting concentrations of competitor and wild-type ampli-
cons exhibit equal crossing points and equivalent melting-peak areas. Wild-
type and competitor templates were assayed separately to determine cross-
ing points (Cp). Allele areas are shown for the wild-type and competitor
assayed in the same reaction. A: HER2/neu B: �-globin.

Figure 2. Crossing points in cell lines as determined by real-time PCR.
HER2/neu and �-globin were assayed in the same reaction and detected in
different fluorescent channels on the LightCycler. A. �-globin Cps (----) were
similar in the three cell lines, HER2/neu Cps (—–) differed depending on the
amount of HER2/neu amplification. ( . . . . . . . ) No template; (● ) MRC-5; (Œ)
T47D; (f) SKBR3. B. Standard curves for HER2/neu (□) and �-globin (�).
Twofold dilutions of standards were used ranging from 106 to 2 � 103

copies/�L.

Figure 3. Derivative melting curves in cell lines as determined by competi-
tive PCR. HER2/neu and �-globin were assayed with competitors in the same
reaction. A: Ratios of HER2/neu melting-peak areas differed depending on
the amount of HER2/neu amplification. B: Ratios of melting-peak areas were
similar in the three cell lines for �-globin. ( – . – ), MRC-5; (- - -), T47D; (—),
SKBR3; (. . . .), no template.
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tween-run analysis. The mean and SD for HER2/neu and
�-globin are shown in Table 1.

To compare assays on clinical samples, 97 DNA ex-
tractions from fresh-frozen and paraffin-embedded tis-
sues were tested in duplicate with both methods (Figure
5). In both assays, the gene dose of HER2/neu relative to
�-globin should be 1.0 in normal tissues. Using a gene
dose cutoff of 2.0 to divide “amplified ” from “non-ampli-
fied” tissue, discrepant results were found on five sam-

ples extracted from paraffin-embedded tissues. If a gene
dose between 1.5 to 2.5 is considered indeterminate, the
positive/negative/indeterminate results on the 97 sam-
ples correlate completely. The correlation between cal-
culated gene doses was r � 0.974.

Three hundred fifty-five paraffin-embedded breast tu-
mor samples were evaluated with IHC staining. IHC
scores of 0 and 1� were considered to be negative for
HER2/neu, while scores of 2� to 3� were considered
positive. Amplifiable DNA was obtained from 294 sam-
ples and evaluated using real-time PCR (Table 2). IHC
and PCR results agreed on 79% of the samples. One-
percent were negative by IHC and positive by PCR.
Nineteen percent were positive by IHC and negative by
PCR. Ten of the 57 discrepant samples (positive IHC and
negative PCR) were microdissected by LCM. All 10 pre-
viously negative samples were positive by PCR after
microdissection, indicating that the discrepancy was due
to normal cell contamination.

Discussion

New developments in real-time PCR technology allow
detection of gene amplification using external standards
and internal competitors. Questions arise about the level

Figure 4. Wild-type:competitor area ratios. The wild-type and competitor
area ratios were plotted against varying amounts of competitor copy number.
The x-intercept is the calculated copy number in the sample. (Œ) MRC-5; (�)
T47D; (f) SKBR3. A: HER2/neu copy number differed depending on the
amount of HER2/neu gene amplification. B: �-globin copy numbers were
similar in the three cell lines.

Table 1. Precision Analysis of Competitive PCR and Real-Time Quantitation with External Standards

Cell lines

Competitive PCR Real-time PCR

Absolute MRC-adjusted Absolute MRC-adjusted

Within-run MRC-5 1.4 � 0.01 (1.0) 0.5 � 0.01 (1.0)
T47D 3.1 � 0.07 2.3 � 0.05 1.1 � 0.03 2.1 � 0.05
SKBR-3 15.3 � 0.02 11.0 � 0.15 5.6 � 0.12 10.6 � 0.23

Between-run MRC-5 1.4 � 0.02 (1.0) 0.5 � 0.02 (1.0)
T47D 3.1 � 0.08 2.2 � 0.07 1.1 � 0.04 2.0 � 0.04
SKBR-3 15.9 � 0.88 11.4 � 0.40 5.6 � 0.15 10.5 � 0.38

The mean � standard deviation are given. The absolute HER2/neu gene dose was obtained by normalizing the HER2/neu copy number by the �-
globin copy number. The MRC-5-adjusted HER2/neu gene dose, adjusting for run-to-run variance, was obtained by adjusting the absolute gene dose
by the gene dose of the single copy cell line, MRC-5.

Figure 5. Comparison of relative HER2/neu gene dose by real-time and
competitive PCR methods. The two methods showed a high degree of
correlation (r � 0.974).
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of control necessary for accurate quantitative PCR, spe-
cifically the advantage, if any, of an extra level of com-
petitive control. To address this, we developed two as-
says using these techniques to assess HER2/neu gene
quantification, and evaluated them by comparing the
following parameters: assay precision, throughput ca-
pacity, dynamic range, analysis complexity, and repro-
ducibility. On determination of a preferred method, real-
time PCR, the method was evaluated against IHC results
from 294 paraffin samples.

Quantitative PCR must be accurate and precise to be
implemented into a clinical laboratory. The added level of
control using an internally amplified competitor may im-
prove the precision of the assay. However, data acquisi-
tion by real-time analysis may eliminate the need for this
extra level of control. We found that the within-run and
between-run coefficients of variation (CVs) were compa-
rable by both methods, indicating that both methods
yield precise results.

The real-time assay has a higher throughput capacity.
Results can be obtained on 24 samples per run, with four
standards, two Her2/neu-positive controls (a low and a
high level of amplification), a HER2/neu-negative control
and a no template control included in each run. Compet-
itive PCR is limited to five samples tested with four compet-
itor dilutions per run. Positive and negative controls require
three competitor dilutions flanking the equivalence point for
each control. A no template control brings the number of
capillaries necessary for controls to 10 per run.

The use of external standards provides a greater dy-
namic range than competitive PCR. The range covered
by the real-time assay is over four logs. Any patient
sample should fall within this range. With competitive
PCR, samples are first run with up to four competitor
concentrations. Depending on the sample:competitor ra-
tio, the sample is re-run with adjusted competitor con-
centrations so that a linear curve fit can be obtained for
analysis. The real-time assay requires less time for anal-
ysis, taking only 5 minutes when analyzing the samples
using the RealQuant software. Analysis for the competi-
tive PCR assay requires about 30 minutes.

Both assays were reproducible as demonstrated by
low coefficients of variation in cell lines. The results from
97 DNAs extracted from fresh-frozen and paraffin sam-
ples correlated very well with a correlation coefficient of
0.974. Results correlated 100% when gene doses were
scored as amplified (�2.5), negative (�1.5), or indeter-
minate (1.5 to 2.5). Samples in this indeterminate zone

should undergo further testing by another method such
as FISH or immunohistochemical staining.

Multiple methods are currently used to detect HER2/
neu gene amplification. Tissue-based detection methods
include FISH and immunohistochemical staining. These
methods have the advantage of assessing the HER2/neu
amplification in intact cells. However, both of these meth-
ods can be laborious for screening large numbers of
samples. Real-time PCR has the advantage of automa-
tion and also allows levels of HER2/neu amplification to
be easily evaluated. However, macro- or microdissection
of tumor cells is necessary to eliminate dilution of appar-
ent copy number by the non-tumor cells in the samples.
Microdissection requires more technical time, about 10
minutes per section. A small sample size, about 100
cells, is adequate for amplification.

�-globin was chosen as the reference gene because
this area of chromosome 11 is under-represented is chro-
mosomal abnormalities in breast cancer.15 Use of this
reference gene would detect increased HER2/neu copies
due to gene amplification as well as due to aneuploidy.
Although chromosome 17 aneuploidy is not considered a
major contributor to HER2/neu overexpression, recent
studies have shown that increased HER2/neu protein ex-
pression has a higher correlation with absolute copies
(signals/cell) of the Her2/neu gene in comparison to the
HER2/neu gene to chromosome 17 ratio.16 A second
reference gene on chromosome 17 could be added to
our assay to address aneuploidy, and also make the PCR
analysis more consistent with FISH methodologies that
use chromosome 17 probes.

The focus of this investigation was to identify the level
of control necessary in PCR analysis for potential use in
the clinical laboratory. The comparison of real-time PCR
with competitive PCR allowed us to demonstrate that the
use of added controls for competitive PCR are not nec-
essary. Using real-time PCR we can now continue to
answer important questions about clinical sensitivity and
specificity. These clinical studies, beyond the scope of
this study, can be designed to address several issues. A
study should be designed to compare PCR to FISH,
using a chromosome 17 reference gene. Further valida-
tion should use micro- or macrodissected cells. In retro-
spect, we microdissected a small subset (10 of 57) of
samples, demonstrating the necessity of microdissec-
tion. A larger study could answer the question to what
extent will micro- or macrodissection hinder the rapid
throughput potential of PCR. Evaluation of aneuploidy
versus gene amplification as a mechanism of HER2/neu
protein expression could be designed using a combina-
tion of a chromosome 17 and a non-chromosome 17
reference gene. Finally, a study could use real-time PCR
to resolve discordance between FISH and IHC.

In view of all these observations, real-time PCR has
potential for clinical use in HER2/neu quantification. The
ease of use and broad dynamic range make it a viable
screening tool for detection of HER2/neu amplification in
fresh-frozen, paraffin-embedded, and microdissected
samples.

Table 2. Correlation of Quantitative PCR Using External
Standards with IHC

IHC/PCR correlation
n � 294

IHC

Positive Negative

PCR Positive 32 3
Negative 57* 202

(2 � IHC n � 30)
(3 � IHC n � 27)

*10 of 10 (2 � IHC n � 5; 3 � IHC n � 5) were positive by PCR
after microdissection.
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