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Immunohistochemical Evaluation of Hormone
Receptor for Routine Practice of Breast Cancer:
Highly Sensitive Procedures Significantly Contribute
to the Correlation with Biochemical Assays
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Immunohistochemical evaluation of hormone receptors for
breast cancer has been performed parallel to biochemical as-
says. Recently, immunohistochemistry has tended to substitute
the biochemical method in Japan. To clarify the factors con-
cerned and problems to be resolved, we reviewed our evalua-
tion system for hormone receptors by immunohistochemistry
from 1990. A total of 861 breast cancer samples were examined
by immunohistochemistry and biochemistry. In 3 main periods,
phase | (1990-1993), phase 2 (1995-1998), and phase 3
(1999-2001), increasing sensitivity of the immunohistochemi-
cal method was provided by commercially available staining
systems and shown to range from 83.6% (phase !) to 92.0%
(phase 3). The highly sensitive procedures of the antigen re-
trieval and peroxidase-conjugated polymer method are main
contributing factors. The authors examined how these proce-
dures influenced the distribution of positive cell population;
concordance rate, including sensitivity and specificity; cutoff
points; and evaluation categories. The correlation between bio-
chemistry and immunohistochemistry was extensively studied
in the 1980s and 1990s. In reference to the progress achieved in
the United States and United Kingdom to control the current
situation in Japan, it should be recognized that recently devel-
oped, highly sensitive procedures boost the immunoreactivity,
which will affect the basic factors for technical validation.
Key Words: Breast cancer—Highly sensitive procedures—
Hormone receptor—Immunohistochemical evaluation—
Standardization—Technical validation.
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It was in the 19th century that ovariectomy was re-
ported to be effective for breast cancer treatment, which
is considered to be the beginning of hormone therapy.
Jensen et al. (1) detected the presence of estrogen recep-
tors (ERs) in rat tissue in 1962. The dextran-coated char-
coal method was developed in 1970 (2) to measure the
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amount of ERs, and the sucrose density gradient method
was developed for electrophoresis and tissue-slice assay
(3). It was reported that breast cancer expressing ERs
were regulated hormonally and that ER expression could
predict the response to hormone therapy (4,5). A number
of studies have supported these findings for ERs in ad-
dition to progesterone receptors (PgRs)(6).
[mmunohistochemistry is another method to evaluate
the hormone receptor (HR) status. Concordance rates be-
tween biochemical assays and immunohistochemistry
were extensively studied in the 1980s to 1990s and
ranged from 72.5% (7) to 95% (8) with frozen sections
and from 67% (9) to 94% (10) with paraffin sections.
Recently, it has also been generally accepted in Japan to
examine HRs by immunohistochemistry and substituting
biochemical assays on occasions. When immunohisto-
chemical methods are applied to surgical materials to
provide information for treatment, a technically certified
examination system is necessary. We reviewed our im-
munohistochemical evaluation system for HRs from
1990 for surgical materials of breast cancers. We present -
the factors of concern and provide information that will
contribute to establishing a certified evaluation system.

MATERIALS AND METHODS

Samples

A total of 861 samples of breast cancer were immu-
nohistochemically examined for HRs using frozen sec-
tions from 1990 to 1993 (n = 215) and paraffin sections
after 1995 (n = 646). Because 1994 was a transition
period to set up the system for routine examination using
paraffin sections lacking serial examination for all
samples, the data from 1994 were not included in this
study. For the frozen sections, breast cancer tissue mea-
suring 5 X 5 x 3 mm was embedded in OCT compound,
rapidly frozen in dry-iced hexane, and cut into 4-pm
thick sections. For the paraffin sections, [ cm® breast
cancer tissue was fixed in 10% formalin separately for
immunohistochemistry until 2000. After 2000, a speci-
men for routine pathologic examinations was selected for
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immunohistochemistry studies and processed separately
for no longer than 48 hours to avoid overfixation.

Antibodies Examined

For the frozen sections, ERICA and PRICA kits (Ab-
bott Laboratories, Chicago, IL) were used. In the case of
the paraffin sections, antibodies compared or used for
ERs are as follows: clone DS (Amersham Biosciences
Corp., Piscataway, NJ), clone CC4-5 (Novocastra Labo-
ratories Ltd., Newcastle, United Kingdom), clone (D35
(DAKO Corp., Carpinteria, CA, USA), and clone ER88
{Biogenex, San Ramon, CA). The antibodies compared
or used for PgRs are as follows: polyclonal (DAKO
Corp.), clone 1 A6 (Novocastra Laboratories Ltd.), clone
1A6 (Immunotech SA, Marseille, France), and clone
PR88 (Biogenex) (Table 1).

Staining Method

Immunohistochemical study was performed according
to standard procedures. For the frozen sections, the pro-
cedure was according to the manufacturer’s protocol.
Briefly, 6-pum thick frozen sections were fixed in 10%
phosphate-buffered formalin at room temperature for 30
minutes, soaked in cold methanol for 3 minutes followed
by cold acetone for I minute, and then subjected to in-
cubation to the primary antibodies at room temperature
for 30 minutes. Incubation with secondary antibody and
peroxidase—-antiperoxidase (PAP) complex followed. For
the paraffin sections, the antigen retrieval procedure was
used. To determine the most adequate procedure for an-
tigen retrieval, we compared 0.01 M phosphate-buffered
saline (pH 7.4) and 0.01 M citrate buffer (pH 6.0) for
soaking the sections, and boiling for 10 minutes in a
water bath or autoclaving at 121°C for 5 minutes for
heating the sections. The sections were then soaked in
methanol containing 0.3% H,O, to inhibit endogenous
peroxidase activity. We attempted an indirect method,
the labeled streptavidin-biotinylated antibody (LSAB)
method, and the enzyme polymer enhanced method (En-
vision System, DAKO Corp.). The primary antibodies
were incubated at 4°C overnight for the indirect method

and at room temperature for 30 minutes for the ABC and
Envision System. Visualization was performed by im-
mersing the sections in 0.05 M Tris-HCI buffer (pH 7.6),
containing 30 mg/dL diaminobenzidine, 65 mg/dL so-
dium azide, and 0.003% H,0,.

Biochemical Assays

Biochemical assays for HRs was performed by the
dextran-coated charcoal method until September 1998
(Teisin Bioscience Laboratories) and by an enzyme im-
munoassay (E[IA) method thereafter (Sumikin Biosci-
ence, Inc.). The cutoff point was 4.9 fmol/mg wet tissue
for both HRs. Fresh tumor samples weighed approxi-
mately 500 mg and were rapidly frozen and subjected to
the biochemical analysis.

Immunohistochemical Evaluation System for
Hormone Receptors

For the immunohistochemical evaluation, we counted
positive cells among 500 cancer cells and calculated the
percentage. We also needed a more convenient system
for practical use in routine surgical pathology. We at-
tempted a semiquantitative system by categorizing into
groups such as negative, [+, and 2+.

Statistical Analysis

Correlation of the data of biochemical assays and posi-
tive cell population by immunohistochemistry were ana-
lyzed with linear regression analysis. Concordancée be-
tween the results by biochemistry and immunohisto-
chemistry was statistically analyzed by a chi-square test.
Correlation between semiquantitative evaluation system
and data of biochemical assays was analyzed using
Spearman rank correlation coefficients.

RESULTS

Staining Method

Among the antibodies compared (Table 1), monoclo-
nal antibodies of clone 1D5 for ERs and clone PR83
for PgRs provided better staining results with higher

TABLE 1. List of antibodies examined

Antigen Clone

Source Applied section

ER related protein  clone D5
ER ER ICA kit

clone ER88
PgR PR ICA kit

clone 1A6
clone 1A6
clone PR88

Amersham Bioscience Corp.
Abott Laboratories

clone CC4-5 Novocastra Laboratories Ltd.
clone 1D5 DAKO

Biogenex

Abott Laboratories
polyclonal DAKO

Novacastra Laboratories Lid.
Immunotech S. A.

Biogenex

TUVTUJUVTOURT

ER, estrogen receptor; PgR, progesterone receptor; P, paraffin; FR, frozen section.
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specificity and lower background for the paraffin sec-
tions. The most suitable staining procedure for these an-
tibodies so far was a combination of the Envision System
and heat-induced epitope retrieval performed at 121°C
for 5 minutes in 0.01 M citrate buffer (pH 6.0) using
autoclaving. We made two- significant changes in 1995
and 1998 to achieve the current system. These changes
were mainly by improvement of commercially available
antibodies or staining kits. The first significant change in
1995 was the use of formalin-fixed, paraffin-embedded
sections instead of frozen sections. The second change in
1998 was made for antibodies of PgRs from clone 1A6 to
PR88, and staining procedures for ERs and PgRs were
changed. These three periods are designated as phase |
(1990-1993), phase 2 (1995-1998). and phase 3 (1999-
2001). The protocols used in these phases are shown in
Table 2. Additionally, 2 minor change was made be-
tween 1999 and 2000 of phase 3. Citrate buffer for an-
tigen retrieval was prepared by technicians each time in
1999, but since 2000, commercially available ready-to-
use buffer has been used.

Correlation Between Biochemistry
and Immunohistochemistry

Estrogen Receptors

The positive cell population among 500 cancer cells
was compared with the results of biochemistry. For the
analysis, we used the homogeneous data from 1996 to
1998 for phase 2 and from 2000 and 2001 for phase 3
under the stable and standardized condition because of
the minor modifications and technical improvements de-
scribed previously. There were correlations in phase 2
(Fig. 1A) and phase 3 (Fig. IB). There was a changing
pattern of distribution of the positive cell population for
immunohistochemistry. During phase 2, the positive cell
population was distributed more diffusely. but in phase
3, the distribution showed a tendency to split into two

groups: cases with a smaller number of positive cells

(less than 30%) and cases with larger number of positive
cells (more than 80%).

Progesterone Receptors

There were also correlations between biochemistry
and immunohistochemistry for PgRs in phases 2 and 3
(Fig. 2), although a tendency for splitting is not as clear
as with ERs.

Concordance Rate, Sensitivity, and Specificity

Practically, HRs could be evaluated as positive or
negative. When we interpreted the results as positive
with any positive cell by immunohistochemistry and set
the results of biochemical assay as the gold standard, the
correlation of biochemical assay and immunohistochem-
istry was evident (Table 3).

In comparison with immunohistochemistry using fro-
zen sections (phase 1), paraffin sections (phase 2)
showed a rather consistent concordance for ERs and a
superior concordance for PgRs (Table 3). The improve-
ment in the staining procedure led to an easier interpre-
tation of the staining results. Comparing the results of
phase 2 and phase 3, concordance increased for ERs
and PgRs. When we analyzed the results in more detail,
however, we must point out that the concordance rate is
not the only index of accuracy for the immunohisto-
chemistry examination. In the earlier phase of immuno-
histochemistry (phases 1 and 2), discordances were
mainly brought out by insufficient immunohistochemical
staining with a larger number of dextran-coated char-
coal—positive, immunohistochemistry-negative cases.
After improvement of the staining procedure in phase 3,
the number of ElA-positive, immunohistochemistry-
negative cases decreased, and inversely, the number of
ElA-negative, immunohistochemistry-positive cases in-
creased. The tendency was more obvious in 2000 and
2001, after a minor improvement to the procedure. Fig-
ure 3 shows the trends of concordance rate, sensitivity,
and specificity. Concordance rate was highest in 1999
for ERs (87.7%) and PgRs (86.0%). In 2000 and 2001,
concordance rate decreased to 82.9% for ERs and 74.4%
for PgRs, with increased sensitivity and decreased
specificity. Figure 3 shows the population of bio-
chemically positive, immunohistochemically negative

"TABLE 2. Protocols for immunohistochemical study

Phase | (1990~1993)

Phase lli

Phase |l (1995-1998) (1999-2001)

Section Frozen

Fixation 10% phosphate-buffered formalin
RT, 30 min

Pretreatment None

Inhibition of internal POX cold MeOH, 3min

cold acetone, 1Tmin

Primary antibody ER ICA
PR ICA
Enhancement method PAP

Paraffin
10% formalin overnight

Paraffin
10% formalin overnight

0.01M PBS 0.01M Citrate buffer ]
100°C, 10 min 121°C, 5 min by autoclave
0.3% H,0, MeOH 0.3% H,0, MeOH

ER (ID5) ER (ID5)

PgR (1A6) PgR (PR88)

LSAB EnVision

POX, peroxidase; RT, room temperature; PAP, peroxidase-antiperoxidase; LSAB, labeled streptavidin-biotinylated antibody.
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Cutoff Point

To set the cutoff point for immunohistochemistry, we
compared concordance for ER with cutoff points at 0%,

FIG. 1. Correlation between bio-
chemistry and immunohistochem-
istry for estrogen receptors. Per-
centages of positive cells in 500
cancer cells were immunohisto-
chemically evaluated. Biochemical
assays were performed by the dex-
tran-coated charcoal method from
1996 to 1998 (A) and by the en-
zyme immunoassay method from
2000 to 2001 (B). The distribution
pattern of positive cell population
detected by immunohistochemistry
was split into two groups: those
with fewer positive cancer cells
{less than 30%) and those with
more positive cancer cells (more
than 70%).

5%, and 10%. The concordance rate for ERs was 80.4%
when we set a cutoff point at 0% or 5% in phase 2
(1996-1998), and it was greater than 79.5% with a cutoff
point at 0% (Fig. 4). In 2000 and 2001, the concordance
rate was 84.1% with a cutoff point at 10% and greater
than 82.9% with a cutoff point at 0% or 5%.
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Discordant Cases

The causes of discordance between EIA and immuno-
histochemistry were analyzed. In 2000 and 2001, EIA-
negative. immunohistochemistry-positive cases were |1
and 18 for ERs and PgRs, respectively, and EIA-positive,
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FIG. 2. Correlation between
biochemistry and immunohis-
tochemistry for progesterone
receptors. The distribution
pattern of positive cell popula-
tion detected by immunochisto-
chemistry changed between
phase 2 (A) and phase 3 (B).
A splitting pattern is not clear
as with estrogen receptors,
but the distribution shifted to
an increased number of posi-
tive cells as a whole.

immunohistochemistry-negative cases were 3 and 2 for
ERs and PgRs. respectively. Speculated factors contrib-
uting to these discordances are summarized in Table 4.
EIA-nega(ivé, immunohistochemistry-positive results
were detected in carcinomas with sparse cancer cells
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TABLE 3. Concordance rate between biochemistry and IHC

ER PgR
DCC DCC .
Phase | IHC + - CR; 82.6% HC + - CR; 66.3%
(1990-1993) + 65 5 70 SE; 83.6% + 55 3 58 SE; 64.4%
n=86 - i3 17 30 SP; 78.9% - 30 12 42 SP; 76.9%
78 22 100 (%) p < 0.001 85 15 100 (%) p < 0.001
DCC DCC
Phase i IHC + - CR; 80.4% HC + - CR; 76.8%
{1995~1998) + 49 7 56 SE; 79.7% + 54 14 68 SE; 85.7%
n=112 - 13 31 44 SP; 81.4% - 9 23 32 SP; 61.9%
.62 38 100 (%) p < 0.001 63 38 100 (%) p < 0.001
EIA EIA
Phase Il IHC + - i CR; 84.9% IHC + - CR; 79.1%
(1999-2001) + 58 i0 68 SE; 92.0% + 50 18 68 SE; 94.5%
n=139 - 5 27 32 SP; 72.5% - 3 29 32 SP; 62.1%
63 37 100 (%) p < 0.001 53 47 100 (%) p < 0.001

IHC, immunohistochemistry; DCC, dextran-coated charcoal method; EIA, enzyme immunoassay; CR, concordance rate; SE, sensi-

tivity; SP, specificity.

and abundant fibrous stroma, with a small >positive cell
population by immunohistochemistry (Fig. 5A), with
many positive cells with weak intensity (Fig. 5B), and
with many positive cells with strong intensity (Fig. 5C).
For EIA-positive, immunohistochemistry-negative re-
sults, fixation problems, intermixture of nonneoplastic
mammary gland (Fig. 5D), and cytoplasmic staining
were speculated as the causes.

Immunohistochemical Evaluation System for
Hormone Receptors

The evaluation system by counting the positive
cell population enables us to observe a correlation with
biochemistry. However, it is time-consuming and not
always suitable for routine surgical pathology. We used
a more convenient evaluation system. Initially, we had
five categories for the population of positive cells: 0
(completely negative), 1+ (1-25%), 2+ (26-50%), 3+
(51=75%), and 4+ (76-100%) (Fig. 6A). The distribution
of immunoreactive cells has changed since 2000. The
clusters of positive cell populations could be divided into
two groups: less than 50% and more than 50%. There-
fore, we changed to a simpler semiquantitative evalua-
tion system: O (completely negative), 1+ (1-50%), and
2+ (51-100%) (Fig. 6B).

DISCUSSION

We reviewed our evaluation system for HRs by im-
munohistochemistry and presented increasing sensitivity
of immunohistochemistry provided by commercially
available staining systems. In particular, highly sensitive
procedures by heat-induced epitope retrieval and peroxi-
dase-conjugated polymer methods (Envision System)
boosted immunoreactivity affecting the basic factors for
technical validation, which are concordance rate, sensi-

tivity and specificity, cutoff point, and evaluation cat-
egories. We discuss herein the factors that are necessary
to establish an adequate immunohistochemical assess-
ment system in Japan.

The concordance rate is not the only benchmark to
validate the immunohistochemistry method, but we also
must note the sensitivity and specificity. In particular, an
application of highly sensitive procedures gave difterent
meanings to the same percentage of concordance rate. As
shown in the current study, the discordances were caused
by increased numbers of ElA-negative, immunohisto-
chemistry-positive cases. By analyzing the discordant
cases in 2000 and 2001, immunohistochemistry could
detect a few positive cells that might not be detected by
EIA. Intermingled nonneoplastic cells detected by im-
munohistochemistry led to positive results by EIA. These
results reaffirmed the advantages of immunohistochem-
istry, which are the availability tor formalin-fixed and
paraffin-embedded tissues, smaller tumors, use of fine-
needle aspiration cytology samples and core needle bi-
opsies, possible distinguishing of carcinoma cells from
healthy tissue, and possible comparison between HR ex-
pression and morphology. We also should point out that
the results of E1A are not always absolutely true. We thus
faced the contradiction to use the biochemical method as
the gold standard for the assessment of immunohisto-
chemistry. It is another subject to be resolved whether
breast cancer with a few carcinoma cells expressing HRs
is suitable for hormone therapy. The immunohistochem-
istry method for HRs should be validated clinically, too,
such as survival rate or response to hormone therapy.
Nonetheless, before discussing the clinical validity, the
immunohistochemistry method should be sufficiently
validated from the technical point of view.

We can use paraffin sections instead of frozen sec-
tions. Practically, immunohistochemistry with frozen
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sections requires much more effort than that with parattin
sections (i.e., sampling of frozen tissue, cutting sections,
and evaluation). Therefore, the superior concordance and
availability of immunohistochemistry using paratfin sec-
lions enables easier evaluation and allows results to be
returned to the patient earlier. The site selected for evalu-

ation is also a critical point. We occasionally encountera
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2000-2001

year

strong positive reaction at the peripheral part of the tu-
mor. In contrast, a lesser positive reaction is identified at
the central part of the tumor. The possible causes of this
discrepancy are the diverse expression of HRs as a
biologic characteristic of the cancer cells and the slow
permeability of fixatives to the central part of the tumor.
It is not recommended to take a sample for biochemistry
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FIG. 4. A: The cutoff point for
immunohistochemistry and
concordance rate with bio-
chemical assays for estrogen-
receptor. From 1996 to 1998,
the concordance rate was the
highest, when the cutoff point
for immunohistochemistry was
set at 0% or 5%. In contrast,
the concordance rate was
highest, when the cutoff point
was set at 10% for 2000 and
2001. These concordance
rates are based on the distri-
bution of cases shown in (B).

from the central part of the tumor, where fibrous changes
tend to occur.

The evaluation system and cutoff point are significant
matters of concern in relation to staining procedures. To
quantify the results by immunohistochemistry, the per-
centage of positive cells among 100 to 500 breast cancer

cells should ideally be counted for the assessment. In
routine pathologic work, however, we adopted a simpler
categorizing system. The highly sensitive procedures en-
able us to assess the immunohistochemistry result clearly
and simply. From the distribution of the positive cell
population, three categories, such as negative, I+, and

TABLE 4. Discordant cases between biochemistry and IHC (2000~-2001)

ER PgR

EIA negative/lHC positive (11 cases) (18 cases)

Sparse cancer cells with abundant stroma 1

A few positive cancer celis less than 10% 4 8

Not many positive cancer cells (10~50%) 5

Many positive cancer cells with weak intensity 3 3

Many positive cancer cells with strong intensity 3 2
EIA positive/IHC negative (3 cases) (2 cases)

Formalin-fixed sample after being frozen 1

Intermixture of non-neoplastic mammary gland 1

Cytoplastic staining 1

Unknown 2

Applied hunmunohistochemistry & Molecular Morphology, Vol. 11, No. 1, March 2003
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system for immunocytochemistry for participating insti-
tutions including overseas laboratories is noteworthy
(16). Large scaled trials in the United States for clinical
validation of immunohistochemistry (17-19) have also
attracted our attention.

In conclusion, we report how changing methodologies
for immunohistochemistry of HRs influenced the corre-
lation to biochemical assays. There are many studies for
the correlation between biochemistry and immunohisto-
chemistry in the 1980s and 1990s. and there are many
noteworthy and large studies about interinstitutional
analyses. but it is not well recognized that recently de-
veloped highly sensitive procedures significantly affect
the basic factors for technical validation. We presented
these procedures that provided increased sensitivity with
ElA-negative, immunohistochemistry-positive cases, a
change of distribution of positive cell population, and
higher cutotf points by review of the system developed
in an institution. [t must be emphasized to understand
how the methodology affects the correlation between
biochemistry and immunohistochemistry for the certified
evaluation system. O
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Abstract. The aim of the present study was to clarify
‘differences in genetic events between primary breast cancers
and asynchronous metastatic/recurrent lesions, by examining
HER2 gene amplification and p53 mutation. The subjects
were 44 breast cancer patients with asynchronous metastasis
or recurrence. Synchronous metastases were excluded. HER2
overexpression and gene amplification were examined using
irmmunohistochemistry and fluorescent in situ hybridization
(FISH). P53 point mutation was examined by immunohisto-
chemistry, laser-captured microdissection, PCR-single-strand
conformation polymorphism, and a direct sequencing
method. Immunohistochemistry showed that, for HER2,
p53, ER and PgR, discordance rates between primary and
recurrent tumor were 2 (4.5%), 1 (2.3%), 7 (15.9%) and 10
(22.7%), respectively. Two primary tumors with discordant
HER2 overexpression were composed of at least two
populations of carcinoma cells, with and without HER2 gene
amplification, Distribution of HER2 gene amplification was
_ consistent with protein overexpression. Corresponding
recurrent tumors consisted of carcinoma cells without HER2
gene amplification. Of 6 recurrent tumors in which the
primary carcinoma had a p53 point mutation, 3 tumors had
identical mutations, | tumor had a different point mutation,
and 2 tumors had no mutation. It was suspected that the latter
3 recurrent tumors comprised a minor component of the
primary tumor.
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In the present study, we examined a large series of
asynchronous recurrent tumors. A limited number of these
tumors showed discordance between primary and recurrent
tumors. Detailed observations revealed that cell populations
present in recurrent tumors were also present in the primary
tumors, although they comprised a minor component of ..
the primary tumor. Heterogeneity of the primary tumor
apparently contributed to discordance.

Introduction

Human epidermal growth factor receptor 2 (HER2) is a
proto-oncogene located on chromosome 17 (17q12-21.32),
and encodes a 185-kDa transmembrane tyrosine kinase
receptor for an unknown growth factor (1-6). HER1 (EGFR),
HER?2, HER3 and HER4 are homologue proteins that
comprise the HER family (4-6). Studies show that 20 to 30%
of primary breast cancers show HER2 overexpression (7,8),
which predicts poor prognosis (7,9). It has also been reported
that HER2 overexpression can predict therapeutic response
(10,11). A humanized anti-HER2 monoclonal antibody
(trastuzumab) has been produced by genetic recombination;
5% of trastuzumab (the region that recognizes HER2) is
derived from the mouse monoclonal antibody 4D5, and
95% is derived from human IgG (12). Administration of
trastuzumab with chemotherapeutics has been shown to
produce longer time to progression, higher rate of objective
response, longer survival and other clinical benefits (13-15).
Selection of patients who would benefit from trabtuzumab
requires examination of HER2 gene amplification or HER2
protein overexpression. Although it has generally been
assumed that the HER2 gene status of recurrent or metastatic
carcinoma is the same as that of primary carcinoma, there is
increasing evidence that, in a limited percentage of cases,
there are differences in HER2 gene status between primary
and metastatic carcinoma (16-18). However, most studies
of HER2 gene status have involved comparison between
primary and synchronous metastatic lesions, or have not
distinguished betwecn synchronous and asynchronous
lesions. The aim of the present study was to clarify differences
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in genetic events between primary breast cancers and
asynchronous metastatic/recurrent {esions. by examining
HERZ2 gene amplification and p53 mutation. We examined
the details of discordant cases, using techniques that enabled
us to compare histopathological characteristics and genetic
alterations. We demonstrated that celi populations present in
recurrent tumors are also present among the heterogeneous
carcinoma cells of the primary tumor.

Materials and methods

Patients. We compared 44 asynchronous metastatic/recurrent
breast cancer tumors (diagnosed and treated at Tokai University
Hospital from January 1997 to March 2000) with the 44
conesponding primary tumors. Age at surgery for the
pricary wmor ranged from 28 to 74 years, with an average
of 50.7 yrors. Histologically, all 44 paticnts had invasive
ductal carcinomn The following cases were excluded: cases
with bilateral breast cancers; cases with multiple cancers at
. other sites (because of the possibility of ‘metastasis from
another site); and cases with bone metastasis insufficiently
processed due to decalcification. The tumor samples were
fixed within 48 h, and 4-pum formalin-tixed, paraffin-embedded
sections were prepared.

Immunohistochemistry. For p53. ER and PgR, we performed
heat-induced epitope retrieval by autoclaving at 121°C for
-5 min in citrate buffer (pH 6.0). The monoclonal antibodies
used were anti-ER antibody (clone 1D5. dilution 1:40, Dako
Cytomation Deamark A/S. Glostrup, Denmark), anti-PgR
antibody (clone PR8S, dilution 1:50. BioGenex, San Ramon,
CA, USA) and anti-p53 antibody (clone DO7. dilution 1:50,
Novocastra Laboratories Ltd.. Newcastle. UK). Anti-mouse
and anti-rabbit envision polymer/HRP (Dako Cytomation
Denmark A/S) was used as a sccondary agent. Results for
p33, ER and PgR were considered positive if more than 10% of
cancer cells showed immunoreactivity. For immunohisto-
chemical evaluation of HER2 overexpression. we used
HercepTest® kits (Dako Cytomation Denmark A/S). Immuno-
histochemical staining was performed according to the
manufacturer's protocol. HER?2 immunoreactivity was
evaluated as a score of 0, [+. 2+ or 3+, using standardized
criteria (Table I). A score of 2+ or 3+ was interpreted as
positive, and a score of 0 or 1+ as negative.

Fluorescent in situ hvbridization. Cases with discordant results
for HER2 overexpression were examined by FISH. Serially
cut 4-pm-thick paraftin sections were used for the HecepTest
and FISH. The procedure was performed according to the
manufacturer's protocol [PathVysion™ HER2 DNA Probe
Kits (Vysis, Inc. Downers Grove, IL, USA)]. Briefly, sections
were deparaffinized with d-limonen (LIEMO-De). dehydrated
with 100% EtOH, digested with 0.2 N HCI fer 20 min, and
then rinsed in DW and ‘wash buffer' (prepared by Vysis,
Inc.). Sections were incubated with *pretreatment buffer’
(prepared by Vysis, Inc.) at 80°C for 30 min. and rinsed in
DW and ‘wash buffer’. They were then re-fixed in 4%
formaldehyde-PBS, rinsed in *wash bufter'. and denatured in
2X S8C/70% formamide (pH 7.4) at 72°C for 5 min. After
heating at 45-50°C for 5 min, sections were hybridized
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Table I. Scoring system for HER2 protein.

Score Staining pattern
O: No staining, or membrane staining is detected
in less than 10% of tumor cells
I+ Faint or barely positive staining is detected
in more than [0% of tumor cells
2+ Moderate and/or incompletely circumscribed
staining is detected in more than 10% of tumor cells
3+ Strong and completely circumscribed membrane

staining is detected in more than 10% of tumor cells

with DNA probes [combination of HER2/neu and CEP 17
(o satellite DNA located at the centromere of chromosome 17)]
for 18 h at 37°C. After hybridization, the sections were
washed with 2X SSC containing 0.3% NP-40, and then
submerged in 2X SSC containing 0.3% NP-40 at 72°C for
2 min. After 10 pl of DAPI was applied to each section,
they were observed using an ‘Axioskop 2 plus’ fluorescent
microscope (Carl Zeiss). Signal numbers of HER2 gene
(labeled with Spectrum Orange) and CEP17 (labeled with
Spectrum Green) were counted in 60 tumor cells from each
site, and the HER2/CEP17 signal number ratio was calculated.
An HER2/CEP17 signal ratio greater than 2.0 was interpreted
as positive.

Laser-captured microdissection and PCR single-strand
conformation polymorphism (PCR-SSCP) for p53. Six cases
with strong p53 immunoreactivity were examined for p53
mutation. Point mutations in exons 5-8 of p53 were screened
by SSCP. Two primer sets were used for each exon (Table II).
To selectively obtain DNA from specific cells, we used laser-
captured microdissection (19,20). Briefly, 10-um thick
paraffin sections were serially mounted on silane-coated and
uncoated glass slides for p53 immunostaining and H&E
staining, respectively. Strongly positive cells were laser-
captured onto a thermoplastic polymer-filmcoated cap, using
a PixCell® Il LCM system (Arcuturus Engineering Inc.,
Mountain View, CA, USA). The celis on the polymer film
were digested with 40 pg/ml proteinase K in 10 mM Tris-HCI
(pH 8.0) containing | mM EDTA and % Tween 20, at 37°C
for 16 h, and then heated at 95°C for 8 min to stop digestion.
After denaturation at 94°C for 10 min, PCR was performed
with 30 cycles (92°C for | min, 58°C for | min, 72°C for 2 min)
in 50 W of a reaction mixture containing [0 mM Tris-HCH,
0.1% Triton X-100, 2 mM MgCl,, 0.2 mM each dNTP,
0.05 uM each primer, and 5 pl digested DNA sample. A 1-pl
aliquot of PCR product was added to 50 ptl of a PCR reaction
mixture with the same composition as the above mixture for
nested-PCR, with the exception of primer concentration
(0.5 pM each primer). Using nested-PCR products, SSCP
was performed. Briefly, 10 pl of formamide denaturing
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Table I1. Primer sets used for nested-PCR of p53 exon 5-8.

Out
Exon 5 Sense S'-ttectettectgeagtactee-3'
Anti-sense 5'-geeccagetgcteaccateg-3'
Exon 6 Sense S-cactgattgctettaggtetg-3'
Anti-sense S'-agttgcaaaccagaccteagg-3'
Exon7 Sense 5'-gtgttgtctectaggttgge-3'
Anti-sense S'-caagtggctectgacetggag-3'
Exon 8§ Sense S'-cctatcctgagtagtggtaat-3°
Anti-sense S'-gtectgettgettacctege-3'
In
Exon S Sense 5'-tgeagtacteceetgeeete-3'
Anti-sense 5'-ctcaccatcgctatetgage-3'
Exon 6 Sense S'-tgctettaggtetggeecet-3'
Anti-sense 5'-accagacctcaggeggetea-3'
Exon7 Sense 5'-ctaggttggctctgactgta-3'
Anti-sense 5'-ctgacctggagteticeagt-3'
Exon 8 Sense S'-gtagtggtaatctactggga-3'
Anti-sense 5'-cttacctcgettagtgetee-3'

buffer (glycerol:formamide:2X Tris-glicine SDS sample
buffer = 1:18:5) was added to 5 pl of PCR product for each
exon, followed by denaturing by heating at 95°C for 10 min.
Denatured PCR product was applied to 20% TBE acrylamide
gel, and electrophoresed at 180 V for 210 min at 8°C in 1X
TBE running buffer. Gels were stained in 0.5 pg/ml ethidium
bromide solution.

For sequencing of PCR product, DNA was extracted from
gels and analyzed as follows: PCR product was applied to
2% TBE agarose gel, and electrophoresed at 100 V for 35 min
with a 50-bp DNA step ladder (Promega Inc.) as a marker.
Gels were stained in 0.5 pg/ml ethidium bromide solution,
and the target bands were trimmed and collected onto GenElute
Minus EtBr spin columns. Columns were centrifuged for
10 min at 14,500 rpm at 4°C, followed by addition of 50 ul
of 1X TE buffer and further centrifugation for 10 min at
14,500 rpm at 4°C. DNA was extracted from 100-pul DNA
samples using 10 pl of 3 M sodium acetate, 275 pl of cold
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EtOH and 1.5 pl of 20 pg/ul glycogen. Samples were
centrifuged at 4°C for 20 min at 14,500 rpm, followed by
addition of 500 w1l of 70% cold EtOFH. centrifugation at 4°C
for 10 min at 14,500 rpm, and drying. Then, 10 wl of IX TE
buffer was mixed with purified DNA product, which was
then analyzed using a Dye terminator ABI PRISM™ 3100
Genetic Analyzer (Perkin-Elmer Corp.. Wilton, CT).

Results

Immunohistochemical assay for HER2, p53 and hormone
receptors. For HER2, p53, ER and PgR, the number of positive
primary tumors was {2 (27%), 13 (30%). 33 (75%) and 24
(55%), respectively (Table III). Two cases (4.5%, cases 26
and 40) showed discordance of HER2 expression results
between primary and metastatic carcinoma (Tables III and TV).
The primary tumors of these 2 cases had HER2 immuno-
reactivity scores of 2 to 3+ (interpreted as positive), whereas
their recurrent tumors showed weak HERZ2 expression (1+,
interpreted as negative). One case (case 33) showed equivocal
discordance, changing from heterogeneous positive (2+) in
the primary tumor to strongly positive (3+) in the recurrent
tumor. Heterogeneous HER2 immunoreactivity in the primary
tumor was found in 3 cases. The details of immunoreactivity
and comparison between findings of IHC and FISH are
described below. In 1 (2.3%) of the [3 cases in which the
primary tumor was p53-positive, the recurrent tumor was
p53-negative. There were no cases in which p33 immuno-
reactivity changed from negative to positive. For ER and
PgR, discordance was detected in 7 tumors (15.9%) and 10
tumors (22.7%), respectively. In 6 cases, ER immunoreactivity
changed from positive to negative. In | case, ER immuno-
reactivity changed from negative to positive. In 8 cases.
PgR immunoreactivity changed from positive to negative. In
2 cases, PgR immunoreactivity changed from negative to
positive.

Heterogeneous HER2 gene amplification and expression in
primary and recurrent tumors. In case 26, most invasive
components of the primary tumor showed no HER? expression,
whereas intraductal components and some invasive
components showed 3+ HER2 expression (Fig. 1A). There
was sharp contrast between HER2-positive and HER2-negative
areas. The recurrent tumor was scored as 1+ (HER2-negative)
(Fig. 2A). Results of FISH were consistent with HER2

Table II1. Immunohistochemical results for HER2, p53, ER and PgR.

Positive cases (%) Changed to
Primary Metastatic/recurrent Discordant cases (%) Negative Positive
HER2 12 27) 10 (23) 2 (4.5 2 0
pS3 13 (30) 1227 I @3 { 0
ER 33 (75) 28 (64) 7 (15.9) 6 I
PgR 24 (55) 18 (41) 10 (22.7) 8 2
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Table [V. Summary of clinical and histological features of cases with discordant results between primary and recurrent

tumors.
Case Histological Site of Duration until
nao. type recurrence recurrence (months) HER2 Ps3 ER PgR
40 IDC . Chest wall 27 - NC NC +
20 IDC Chest wall 64 - NC NC NC
33 IDC Chest wall 94 + NC NC . NC
11 IDC Skin 53 NC - + +
3 IbC Lung 36 NC NC - : -
8 DC Skin 29 NC NC - -
25 IDC Local recurrence 51 NC NC - -
42 IDC Lymph node 28 NC NC - -
6 IDC Lymph node 85 NC NC - NC
29 IDC Lymph node 14 NC NC - © NC
10 IDC Lymph node 97 : NC NC NC -
13 IbC Skin 34 NC NC NC -
32 IDC Chest wall 94 NC NC NC -
34 [DC Chest wall 127 : NC NC NC -

IDC, invasive ductal carcinoma; -, changed to negative; +. changed to positive; NC, no change.

Table V. Comparison of FISH with immunohistochemistry.

HER2/CEP17 signal ratio Amplified/not amplified CEP17:
Case 26
Primary tumor
HER2-immunoreactive 4.19 (6.50)» Amplified 1.57
HER2-non-immunoreactive 1.08 Not amplified 1.60
Recurrent tumor 1.02 Not amplified 1.62
Case 40
Primary tumor
HER2-immunoreactive 346 Amplified . 1.68
HER2-non-immunoreactive 111 Not amplified 1.61
Recurrent tumor 1.32 Not amplified 1.41
Case 33
Primary tumor
HER2-immunoreactive 1.46 Not amplified 2.45
HER2-non-immunoreactive 1.17 Not amplified 3.18
Recurrent tumor 2.17 Amplified (low) 2.01

*Average numbers of CEP17 signals in 60 cancer cells of invasive components. *Signal ratio of intraductal components showing strong

immunoreactivity for HERZ.

expression (Fig. 2B). For the primary tumor, HER2/CEP17
signal ratio was 6.50 and 4.19 (amplified, Fig. 1B and D) in
intraductal components and invasive components with 3+
HER2 expression, respectively (Table V). No HER?2

amplification was detected in most invasive components of
the primary tumor or in the recurrent tumor: these had
HER2/CEP17 signal ratios of 1.08 and 1.02, respectively (not
amplified, Figs. 1C and 2B).
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Figures 1-6. HER2 overexpression and gene amplification of case 26 (Figs. 1 and 2), case 40 (Figs. 3 and 4), and case 33 (Figs. 5 and 6). Primary tumors
(Figs. 1, 3 and 5) and recurrent tumors (Figs. 2, 4 and 6) are shown. Primary tumor of case 26 shows mixed HER?2 immunohistochemical staining (Fig. 1A).
HER?2 gene amplification corresponding to HER2 expression is labeled in red: Fig. 1B, intraductal componeats (3+, HER2/CEP17=6.50); Fig. 1C, invasive
components (3+, HER2/CEP17=4.19); Fig. ID, invasive components (0, HER2/CEP17=1.08). Recurrent tumor shows weak HER2 expression (Fig. 2A), and
no HER2 amplification (HERZ/CEP17=1.02). Primary tumor of case 40 shows mixed HER2 expression (Fig. 3A). HER2 gene amplification for areas with
HER?2 overexpression (Fig. 3B) (2+, HER2/CEP17=3.46) and without overexpression (Fig. 3C) (HER2/CEP17=1.11) is shown. Recurrent tumor shows weak
HER2 expression (Fig. 4A), and no HER2 amplification (HER2/CEP17=1.32). Primary tumor of case 33 shows focal HER2 overexpression (Fig. 5B),
although there is an extensive area of weak HER2 staining (Fig. SA). HER2 gene amplification was not detected in the areas corresponding to Fig. SA (2+)
and Fig. 5B (1+): Fig. SC (HER2/CEP17=1.46) and Fig. 5D (HER2/CEP17=1.17), respectively. Recurrent tumor shows HER?2 overexpression (Fig. 6A, 3+)
and possible gene amplification (Fig. 6B, HER2/CEP17=2.01).

In case 40, areas of HER2 expression scored as 1+ and 2+ the recurrent tumor, there were diffuse areas that were scored
were intermixed in the primary tumor (Fig. 3A), which was  as 1+ HER2/CEP7 signal ratio (FISH) was 3.40 (amplified,

determined to be positive for HER2 expression (Table I). In ~ Fig. 3B) in areas of the primary tumor with 2+ HER2
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Table VI p33 mutation found in primary and recurrent carcinoma.

Mutation

Case no. PCR~SSCP Primary tumor Recurrent tumor

3 Exon 8, P=R Codon 273 CGT-CAT NC
17 Exon 7, P=R Codon 245 GGC-~AGC NC
26 Exon 6, P=R Codon 194 CTT-CGT NC

{ Exon7, P#R Codon 241 TCC-TTC Codon 249 AGG-TGG
I Exon7, P#R Codon 238 TGT-TAT No mutation

' Codon 244 GGC-~AGC

25 Exon §, P#R Codon 275 TGT-TAT No mutation

P, primary; R. recurrent; NC. no change.

case 17

exon 7

case 11

exon 7

P R N

Figurc 7. PCR-SSCP for case 17 (A) und case 11 (B). (A). Banding patterns
of PCR products for exon 7 of primary tumor (P) and recurrent tumor (R)
was similarly deviated from those of the ron-neoplastic lymph node (N).
(B). Banding patterns of PCR products obtained from the recurrent tumor
(R} differed from those of the primary tumor of case 11 (P), although it was
the same as those of the lymph node.

expression, and was 1.1l and 1.32 (not amplified, Figs. 3C
and 4B) in areas of the primary and recurrent tumor with [+
HER?2 expression, respectively. )

In case 33, the primary lesion primarily showed [+
HER2 expression (Fig. 5B), atthough areas with 2+
expression comprised more than 10% of the tumor (Fig. SA).
The recurrent tumor showed strong HER2 expression (3+)
(Fig. 6A). HER2/CEPLT signal ratio was 1.46 and L7 (not
amplified, Fig. 5C and D) for arcas of the primary tumor with
scores of 2+ and 1+, respectively. Signal ratio was 2.17 for
the recurrent tumor (Fio GRY

Average numbers of CEP 17 signals ranged from 1.4 to
1.7 (disomy) in cases 26 and 40, and ranged from 2.01 to
3.18 (aneusomy) in case 33 (Table V).

p53 mutation in primary and recurrent tumors. Nested PCR
detected exons 5-8 of p53 in all 6 cases in which primary
tumor cells showed diffuse, strong p53 immunoreactivity.
Three cases (cases 3, 17 and 26) had the same banding
pattern by SSCP between the primary tumors and the recurrent
tumors, whereas the remaining 3 cases (cases I, 11 and 25)
had different patterns (Table VI, Fig. 7). In all 6 cases, the
primary tumor had point mutations distributed among exons
6, 7 and 8 (Table VI). Cases 3, 17 and 26 had identical
point mutations in their recurrent tumors. A different point
mutation was detected in the recurrent tumor of case 1. No
mutation was detected in the recurrent tumor of cases 11
and 25.

Discussion

In the present study, there was discordance in the status of
HER2 gene amplification and p53 mutation between primary
and asynchronous metastatic/recurrent tumors in a small
population of breast cancers: 4.5% for HER2, and 2.3% for
p53. HER2 gene amplification was not homogeneous
throughout the tumor, and some recurrent tumors contained
populations present in the primary tumor. Furthermore, not
all carcinoma cells with aggressive HER2 gene amplification
or p53 mutation were found in metastatic/recurrent lesions,
and some carcinoma cells without these genetic alterations
metastasized. In a limited number of breast cancers, HER?2
expression has been observed to change from the primary
tumor to metastatic tumors.

Shimizu et al (21) reported that all 21 of the cases they
examined showed immunohistochemical concordance between
primary and asynchronous recurrent/metastatic tumors.,
although there was a.trend toward loss of hormone receptors
in recurrent breast cancers (22). Xu et al (23) reported no
difference in amplification ratios was identified between

I nrimary sannare and ciimahennnie nviilae, cmmboabo oo A
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the other hands, discordant immunohistochemical results
between primary tumors and synchronous metastases to
{ymph nodes were found in 2% (16) and 9.8% (17) of the
breast cancer cases in other studies. With regard to p53,
Shimizu et al (21) and Davidoff er al (24) reported p53
mutation in the primary breast cancer conserved in the
recurrent/metastatic lesions, whereas Cardoso et al (16) show
6% discordant cases. Using DNA ploidy analysis, Symmans
et al (25) found that all 17 of the primary breast cancers they
examined were composed of multiple distinct populations,
and that major populations in approximately 50% of regional
metastases were, unexpectedly, not major populations in the
primary tumors. However, there are no previous reports of
such heterogeneity for specific genes such as HER2 or p53,
in intraductal and invasive components of breast cancer. In
the present study, using detailed observation of HER2-FISH
preparations, we compared distribution of HER2 gene
amplification with histologic characteristics (invasive or
intraductal) and HER?2 protein expression (detected by IHC).
We calculated discordance rates between primary and
* asynchronous metastatic/recurrent cancer using a very large
series. Also, we found that, within some individual cases, cell
populations corresponding to specific gene alterations were
present in both the recurrent and original tumor.

Several studies (26-28) have found strong HER2 immuno-
reactivity and/or HER2 gene amplification in intraductal
components, and little or no HER2 expression in invasive
components. There are several possible explanations for
the findings. First, carcinoma cells may retain HER2 gene
amplification in invasive areas where there is no HER2
expression. Disruption of post-transcriptional protein synthesis
or transportation to the cytoplasmic membrane may cause the
lack of HER2 expression. Second, HER2 gene amplification
may be lost when carcinoma cells invade the stroma. Third, it
may be the case that, although 2 cell populations (with aand
without HER2 gene amplification) are originally mixed, | of
the 2 populations later becomes predominant. In case 26 in
the present study, HER2 gene amplification was detected in
ductal components and some of the invasive components
(which also showed HER2 overexpression), but no
amplification was detected in the majority of invasive areas.
This suggests that the first explanation is unlikely, although
we cannot exclude post-transcriptional inhibitory mechanisms.
The problem with the second explanation is that there is no
known mechanism for repair or loss of genetic alterations
during the invasive process. The third explanation appears
to be the most likely. In case 26 of the present study, the
majority of ductal component carcinoma cells had HER2
gene amplification, but detailed observation revealed the
presence of a few carcinoma cells that lacked HER2 over-
expression. The results of the present examination of p53
suggest the possibility that only I of multiple clones survives
to comprise the recurrent tumor. No mutation was detected in
the recurrent tumor of case 11 or 25, although point mutations
were observed in the primary tumor. In case 1, the primary
and metastatic carcinomas had different point mutations.

Another interesting issue (28) is the biological significance
of HER2 protein expression in relation to aneusomy of
chromosome 17. In case 33, cancer cells showed aneusomy

with CEP17 signal numbers (2.01-3.18) that were above the
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range of each cancer component of cases 26 and 40 (1.4-1.7).
HER2/CEP17 signal ratio was [.46 for the primary tumor,
and 2.17 for the recurrent tumor. It seems unlikely that
carcinoma cells in the recurrent tumor would undergo HER2
gene-specific amplification. Moderate HER2 expression
(2+) is generally considered to indicate that humanized
anti-HER2 antibody therapy will benefit the patient. However,
concordance rates between [HC and FISH in tumors with 2+
HER?2 expression are not particularly high [18.5% (26) and
36% (29)]. On the other hand, Bose ef al (28) reported that
17 of 44 cases with equivocal (I+) to moderate (2+) HER2
immunoreactivity showed polysomy of chromosome 17.
Thus, low-grade HER2 expression (1+ to 2+) could be caused
by increased protein production due to either aneusomy or
HER?2 gene-specific amplification. It has not been determined
whether trastuzumab is effective for cancers with 1+ to 2+
HER2 expression due to aneusomy. In HER2 evaluation,
HER?2 expression due to aneusomy should be distinguished
from HER2 gene amplification.

In conclusion, although there is great similarity in HER2
and p53 status between asynchronous lesions and primary
tumors, the present results indicate that one of the hetero-
geneous components of a primary tumor could be a major
component of the corresponding recurrent tumor.
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Abstract Organotin compounds have been widely used
as antifouling paints for ships and fishing nets since the
1960s and have thus been released into marine envi-
ronments. Aquatic invertebrates, particularly marine
gastropods, are extremely sensitive to organotin com-
pounds such as tributyltin (TBT) and triphenyltin (TPT)
and undergo changes in sexual identity in response to
exposure. This worldwide phenomenon is one of the
worst consequences of pollution by man-made chemicals
and has led to the ban of such compounds in antifouling
paints in a number of countries, although organotin
compounds still exist in the environment. So far, very
low-concentrations of TBT or TPT have been shown to
induce imposex (superimposition of male genitalia on
female) in marine gastropods. Although the imposex
induction mechanism has been controversial for many
years, it was recently reported that TBT and TPT are
potent and efficacious activators of retinoid X receptor
(RXR), a member of the nuclear receptor superfamily.
In this review, I discuss the involvement of RXR in the
development of gastropod imposex.

Introduction

In their book “Our Stolen Future”, Colborn et al. (1996)
pointed out that a number of environmental chemicals
affect hormonal systems and have adverse health effects
on wildlife and probably on humans. Such chemicals are
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referred to as endocrine disruptors, and their effects have
emerged as a major environmental issue. The nuclear
receptors of intrinsic hormone systems are likely to be
targets of endocrine disruptors, because their intrinsic
ligands are fat-soluble and low-molecular-weight agents,
as are the environmental pollutants. Many synthetic
compounds, including the drug diethylstilbestrol (DES),
dichlorodiphenyltrichloroethane (DDT), polychlori-
nated biphenyls (PCB), and alkylphenols, have been
shown to bind nuclear receptors (Sohoni and Sumpter
1998; Blair et al. 2000; Nishihara et al. 2000; Gray et al.
2001). The effects of synthetic chemicals on sex hormone
receptors such as the estrogen receptor (ER) and
androgen receptor (AR) have attracted much attention,
focusing on the reproductive failures observed in wildlife.

Organotin compounds such as tributyltin (TBT) and
triphenyltin (TPT) have been used worldwide in anti-
fouling paints for ships and fishing nets since the mid-
1960s. Their release into the marine environment has
resulted in pollution worldwide. Most marine gastro-
pods in organotin-polluted areas have shown repro-
ductive failure due to oviduct blockage by vas deferens
formation, resulting in population decline or mass
extinction (Bryan et al. 1986; ten Hallers-Tjabbes et al.
1994). This phenomenon is called “imposex” as an
abbreviation of *“‘imposed sexual organs”, because male
genital organs, such as the penis and vas deferens, are
imposed upon female organs (Smith 1971). Approxi-
mately 150 species of imposex-affected gastropods have
been found in the world (Fent 1996; Matthiessen et al.
1999). Gastropod imposex is reportedly induced by very
low concentrations of TBT or TPT and is thought to be
one of the mechanisms of endocrine disruption in wild-
life (Smith 1971; Bryan et al. 1986, 1987, 1988; Gibbs
and Bryan 1986; Gibbs et al. 1987; Axiak et al. 1995;
Horiguchi et al. 1997b). Despite several hypotheses on
the cause of imposex induction, such as aromatase
inhibition, testosterone excretion-inhibition, functional
disorder of the female cerebropleural ganglia, and
involvement of amidated tetrapeptide Ala-Pro-Gly-Trp-
NH2 (APGWamide) (Bettin et al. 1996; Ronis and
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Mason 1996; Oberdorster and McClellan-Green 2000,
2002), the detailed biochemical mechanism behind this
phenomenon remains obscure.

It is well known that steroidal sex hormones such as
17B-estradiol (E,) and Sa-dihydrotestosterone (DHT)
exert important roles in physiological processes,
including sexual development and reproduction in ver-
tebrates. However, homologues of ER and AR have
not been found in invertebrates (Escriva et al. 1997).
Because gastropods are mollusks, they may not have
functional receptors for androgen, suggesting that ver-
tebrate-type sex hormones may not be involved in male
sexual development in the gastropods. Recently, it was
reported that TBT and TPT are high-affinity ligands for
human retinoid X receptor (RXR) and peroxisome
proliferator-activated receptor (PPAR) y (Kanayama
et al. 2005). In addition, a functional homologue of
RXR has been cloned from the rock shell (Thais clavi-
gera) and the natural ligand of RXR, 9-¢is retinoic acid,
induces imposex in this species (Nishikawa et al. 2004).
These reports suggest that the induction of imposex by
organotin compounds may be mediated by RXR.

Differences in nuclear receptors between invertebrates
and vertebrates

Nuclear receptors are structurally related proteins
classified into a large superfamily that includes recep-
tors for hydrophobic molecules such as steroid hor-
mones (e.g., estrogens, androgens, progesterone,
glucocorticoids, mineralocorticoids), retinoic acids (all-
trans and 9-cis isomers), thyroid hormone, 1,25 (OH),
vitamin Djs, fatty acids. In addition to these receptors,
the superfamily also contains a large number of so-
called orphan nuclear receptors whose ligands do not

exist or have not been identified (Giguére 1999).

Nuclear receptors share a common structural organi-
zation with a highly conserved DNA-binding domain
and a moderately well-conserved ligand-binding do-
main (LBD) (Fig. 1). Phylogenetic study and extensive
polymerase chain reaction (PCR) sutveys have revealed
that nuclear receptor genes appeared very early on
during metazoan evolution, but could not be found in
fungi, plants, or unicellular eukaryotes (Escriva et al.
1997, 2000). By virtue of genome projects, we now
know that Homo sapiens, Drosophila melanogaster, and
Caenorhabditis elegans, respectively, have 48, 21, and
220 kinds of nuclear receptor genes (Maglich et al.
2001). There is a striking difference between vertebrates
and invertebrates with respect to their nuclear receptor
sets. For instance, receptors for sex and adrenal steroid
hormones have not been found in any fully sequenced
invertebrate genomes. Although ER-like ¢cDNA was
reportedly isolated from the mollusk Aplysia californi-
ca, it could not bind to estrogens and was a constitu-
tive activated transcription factor like the orphan
nuclear receptors (Thornton et al. 2003). So far, func-
tional steroid hormone receptors including AR, ER,

progesterone receptor (PR), glucocorticoid receptor
(GR), and mineralocorticoid receptor (MR), have not
been found in any invertebrate species (Escriva et al.
1997; Laudet 1997).

Reproductive abnormalities in wildlife can be asso-
ciated with exposure to environmental pollutants capa-
ble of mimicking the action of sex hormones. In fact,
there are many synthetic chemicals that have been
shown to possess estrogenic activity by in vitro binding
assay, reporter gene assay, or uterotrophic assay. The
typical characteristic of chemicals having estrogenic
activity is a phenol with a hydrophobic moiety at the
para-position and without bulky groups at the ortho-
position (Blair et al. 2000; Nishihara et al. 2000).
Although these compounds may have adverse health
effects in vertebrates (Colborn et al. 1996), they may not
alter the function of the reproductive system through the
medium of ER in invertebrates.

Imposex in marine gastropods

Among the variety of endocrine-disrupting events in
marine invertebrates, imposex is one of the most docu-
mented. Imposex is induced by TBT at concentrations as
low as I ng/L of tin (Sn) (Gibbs et al. 1987; Axiak et al.
1995) and is used extensively all over the world as a
biomarker to monitor TBT pollution (Gibbs et al. 1987;
ten Hallers-Tjabbes et al. 1994; Horiguchi et al. 1997a;
Terlizzi et al. 1998, 2004). Not only TBT but also TPT
has been shown to have a strong effect on the develop-
ment of imposex in T. clavigera (Horiguchi et al. 1997b).
So far, several hypotheses have been proposed to explain
imposex induction. The first is that TBT increases
androgen levels by inhibiting the enzyme activity that
metabolizes testosterone. An aromatase enzyme com-
plex is responsible for converting androgenic to estro-
genic steroids. This enzyme complex consists of the
microsomal CYP19 enzyme and the flavoprotein nico-
tinamide adenine dinucleotide phosphate reduced-form
reductase. The latter is responsible for transferring
reducing equivalents to CYP19 within the membrane of
the endoplasmic reticulum. Bettin et al. (1996) reported
that TBT increases androgen levels through inhibition of
aromatase activity in marine neogastropods at relatively
high doses. The TBT also inhibits the catalytic activity
of human aromatase from transfected cells or a granu-
losa cell-like tumor cell line (Cooke 2002; Heidrich et al.
2001; Saitoh et al. 2001). However, it is doubtful whe-
ther the inhibitory effect of TBT on aromatase activity is
a cause of the imposex, because the role of vertebrate sex
steroids is unclear in invertebrates (LeBlanc et al. 1999).
The second hypothesis is that TBT acts as a neurotoxin
to abnormally release the peptide hormone termed penis
morphogenic factor (PMF) (Féral and Le Gall 1983).
The peptide hormone APGWamide has been proposed
as the putative PMF, because injection of APGWamide
significantly induces imposex in the mud snail Iyan-
assa obsoleta (Oberdédrster and McClellan-Green 2000,
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TFig. 1 Typical structure and functional domain of a nuclear
receptor. Nuclear receptors are highly structurally related and
share a common structural organization with a variable amino-
terminal domain (a/b); a central, well-conserved DNA-binding
domain (c¢); a non-conserved hinge domain (d); and a carboxyl-
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Fig. 2 a Nuclear receptors act as ligand-activated transcription
factors by directly interacting with DNA-response elements of
target genes as homodimers, heterodimers, or monomers. The
effects of nuclear receptors on transcription are mediated through
recruitment of co-regulators. Upon ligand binding, the receptors
undergo a conformational change that allows the recruitment of
coactivator complex. Recruitment of coactivator complex to the
target promoter causes chromatin decomposition and transcrip-
tional activation through interaction with general transcription
factors (GTFs). b Principle of the screening method for nuclear
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receptor ligand. Nuclear receptor ligand-binding domain (NRLBD)
is immobilized on the surface of a 96-well microplate. Coactivator
TIF2 is prepared as a fusion protein with bacterial alkaline
phosphatase (BAP). Test chemicals are added to the well with
TIF2-BAP fusion protein. If the test chemical works as a ligand, it
induces conformational change in NRLBD and recruits the TIF2-
BAP on the plate surface. p-Nitrophenyl phosphoric acid (NPF) is
used as a substrate for BAP. The BAP converts NPP to p-
nitrophenol (NP), which appears yellow
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