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Determination of HER-2/neu oncogene amplification
has become necessary for selection of breast cancer
patients for trastuzumab (Herceptin) therapy. Fluo-
rescence in situ hybridization (FISH) is currently re-
garded as a gold standard method for detecting HER-
2/neu amplification, but it is not very practical for
routine histopathological laboratories. We evaluated a
new modification of in situ hybridization, the chro-
mogenic in situ hybridization (CISH), which enables
detection of HER-2/neu gene copies with conven-
tional peroxidase reaction. Archival formalin-fixed
paraffin-embedded tumor tissue sections were pre-
treated (by heating in a microwave oven and using
enzyme digestion) and hybridized with a digoxigenin-
labeled DNA probe. The probe was detected with anti-
digoxigenin fluorescein, anti-fluorescein peroxidase,
and diaminobenzidine. Gene copies visualized by
CISH could be easily distinguished with a X40 objec-
tive in hematoxylin-stained tissue sections. HER-2/
neu amplification typically appeared as large peroxi-
dase-positive intranuclear gene copy clusters. CISH
and FISH (according to Vysis, made from frozen pul-
verized tumor samples) correlated well in a series of
157 breast cancers (kappa coefficient, 0.81). The few
different classifications were mostly because of low-
level amplifications by FISH that were negative by
CISH and immunohistochemistry with monoclonal
antibody CB-11. We conclude that CISH, using con-
ventional bright-field microscopy in evaluation, is a

useful alternative for determination of HER-2/neu am-
plification in paraffin-embedded tumor samples, es-
pecially for confirming the immunohistochemical
staining results. (Am J Patbol 2000, 157:1467-1472)

HER-2 oncogene amplification and its concomitant pro-
tein overexpression is currently implicated as an impor-
tant prognostic biomarker in breast carcinoma.’ Recent
studies suggest that HER-2 may also be a useful deter-
minant of response to hormonal or cytotoxic chemother-
apy." Clinical importance of HER-2 diagnostics has risen
even more with the increasing use of the new anti-cancer
drug trastuzumab (Herceptin, Roche Ltd, Basel, Switzer-
land), which is a humanized monoclonal antibody against
the extracellular part of the HER-2 protein product.? Tras-
tuzumab therapy is effective only in patients whose tu-
mors contain amplification and/or overexpression of
HER-2.2 Thus, HER-2 assays are now becoming an inte-
gral part of breast cancer diagnostics, in parallel with
assays of hormone receptors and tumor proliferation
rate.?

The earliest studies of HER-2 used Southern and West-
ern blotting for detection of HER-2 gene amplification and
protein overexpression. These methods are not well
suited for routine diagnostics and have been replaced by
immunohistochemistry (IHC) and fluorescence in situ hy-
bridization (FISH). A vast majority of HER-2 studies has
been done using IHC, which detects the HER-2 protein
overexpression on the cell membrane. Without HER-2
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oncogene amplification, the protein expression is low and
undetectable by IHC. However, IHC is subject to a num-
ber of technical artifacts and sensitivity differences be-
tween different antibodies and tissue pretreatments.®
Standardized reagent kits have recently been introduced
(such as HercepTest), but mixed results have been re-
ported from their methodological comparisons.*~2

FISH quantifies the number of gene copies in the can-
cer cell nucleus. Since initial applications to detect HER-2
amplification by FISH,®'° a number of reports have ver-
ified its accuracy both in freshly frozen and paraffin-
embedded tumor material.>'" FISH is done either using
single-color (HER-2 probe only, DAKO, Copenhagen,
Denmark) or as a dual-color hybridization (using HER-2
and chromosome 17 centromere probes simultaneously),
the latter making it easier to distinguish true HER-2 am-
plification from chromosomal aneuploidy. FISH from en-
tire cells (cultured cells, pulverized tissue, or imprint
touch specimens from tumors) is considered straightfor-
ward, but the use of tissue sections complicates the
quantitative nature of FISH because of nuclear truncation
(slicing).

The main difficulty for adopting FISH in clinical diag-
nostics is the need to use fluorescence microscopy,
which is not done in most routine diagnostic laboratories.
Evaluation of FISH requires a modern epifluorescence
microscope equipped with high-quality X60 and X100 oil
immersion objectives and multi-bandpass fluorescence
filters. Moreover, because the fluorescence signals fade
within a few weeks, the hybridization results must be
recorded with expensive digital cameras.

To overcome these practical limitations, we introduce
here chromogenic in situ hybridization (CISH), in which
the DNA probe is detected using a simple IHC-like per-
oxidase reaction. The method was compared with FISH
made from frozen tumor samples and IHC (using mAb
CB11 on adjacent paraffin-embedded sections).

Materials and Methods

Tumors

One hundred fifty-seven tumors were prospectively col-
lected at the Jules Bordet Institute, Brussels, Belgium.
Histopathological classification and grading was done on
hematoxylin and eosin (H&E)-stained slides according to
standard histopathological practice.'?

FISH

FISH was done at the Jules Bordet Institute, and the data
comes from a previously published study.'® In brief, a
fresh tumor sample of 0.5 cm?® or a freshly made imprint
touch preparation were obtained immediately after sur-
gery. Cells from tumor pieces were mechanically disinte-
grated, centrifuged, and treated with 0.075 mol/L KCI for
1 hour at 37°C. After washing in methanol:acetic acid
(3:1) the cells were spread onto microscope slides. The
slides were denatured in 70% formamide/2X standard
saline citrate, pH 7, at 73°C for 10 minutes. After dehy-

dration in an ethanol series, 10 ul of the probe (LSI
HER-2/CEP17; Vysis Inc., Downers Grove, IL) was dena-
tured (73°C for 5 minutes) and applied onto slides. The
hybridization was performed overnight at +37°C in a
moist chamber. Excess of the probes was washed in
0.4X standard saline citrate (at 73°C, 2 minutes), fol-
lowed by 0.4X standard saline citrate/0.1% Nonidet P-40
(2 minutes at room temperature). Nuclei were counter-
stained with 4',6-diamino-2 phenylindole dihydrochloride
(DAP1) (1 ug/ml) in an antifade embedding solution (p-
phenylene-diamine dihydrochloride).

Hybridization signals were enumerated in at least 150
to 250 morphologically intact and nonoverlapping nuclei.
We used a Leica DMRB epifluorescence microscope
equipped with a X100 oil immersion objective and a triple
bandpass filter for simultaneous detection of Spectrum
Green, Spectrum Orange, and 4',6-diamino-2 phenylin-
dole dihydrochloride (filter from ChromaTechnology, Tuc-
son, AZ). Her-2/neu amplification was determined as a
ratio of HER-2 and chromosome 17 centromere signal
counts. Ratios <2 were determined as no amplification,
those between 2 and 5 as low-level amplification, and
those >5 as high-level amplification.

CISH

CISH was done on 5-um-thick archival formalin-fixed par-
affin-embedded tissue sections at the University of Tam-
pere. In brief, the sections were deparaffinized and incu-
bated in pretreatment buffer in a temperature-controlled
microwave oven at 92°C for 10 minutes, using a Spot-
Light FFPE reagent kit (Zymed Inc., South San Francisco,
CA). The sections were then allowed to cool down for 20
minutes and then washed with phosphate-buffered saline
(PBS). Enzymatic digestion was done by applying 100 ul
of FFPE digestion enzyme on to slides (10 to 15 minutes
at room temperature). The slides were then washed with
PBS and dehydrated with graded ethanols. The ready-
to-use digoxigenin-labeled HER-2/neu probe (consisting
of two contig BAC clones; Zymed) was applied onto
slides which were covered under 14 X 14-mm coverslips
(10 ul probe mixture/slide). The slides were denatured on
a hot plate (94°C) for 3 minutes, and the hybridization
was performed overnight at 37°C. After hybridization, the
slides were washed with 0.5X standard saline citrate for
5 minutes at 75°C, followed by three washes in PBS/0.2%
Tween 20 at room temperature. The HER-2/neu probe
was detected with sequential incubations with anti-
digoxigenin fluorescein, anti-fluorescein peroxidase, and
diaminobenzidine according to the manufacturer’s in-
structions (Zymed). Tissue sections were lightly counter-
stained with hematoxylin and embedded.

The CISH hybridizations were evaluated using an
Olympus BX50 microscope equipped with x40 and X60
dry objectives and using 10 X 22 wide-field oculars.
Unaltered gene copy number was defined as one to five
signals per nucleus. Low-level amplification was defined
as six to 10 signals per nucleus in >50% of cancer cells,
or when a small gene copy cluster was found. Amplifica-
tion of HER-2 was defined when a large gene copy clus-



ter in >50% of carcinoma cells or numerous (>10) sep-
arate gene copies were seen. Images were captured
using a Pixera PVC100C digital camera (Pixera Corp.,
Los Gatos, CA).

IHC

IHC of HER-2/neu protein (p1857572) was done on tissue
sections adjacent to those used in CISH at the University
of Tampere. The sections were deparaffinized followed
by antigen-retrieval in 0.01 mol/L citrate buffer, pH 7.3, at
94°C for 20 minutes, using a temperature-controlled mi-
crowave oven. After blocking for nonspecific antibody
binding (using the blocking reagent Histostain Plus kit,
Zymed), the sections were incubated overnight (at 4°C)
with a monoclonal antibody to the intracellular domain of
HER-2/neu protein (clone CB-11; Novocastra Laborato-
ries, Newcastle UK). A standard avidin-biotin-peroxidase
complex technique was used for visualization, with dia-
minobenzidine as the chromogen (Histostain Plus kit).
Intense cell membrane immunoreaction present in >50%
of cancer cells was considered as 3+ staining and was
considered as overexpression of p1857EF2 Staining
present in a smaller proportion of cells or that with lower
intensity was considered as 2+ staining. The controls
consisted of three cell lines (SK-BR-3, >30 gene copies
of HER-2/neu; MDA-MB-453, eight gene copies; and ZR-
75-1, two gene copies) were fixed overnight with 10%
formalin and pelleted as a normal paraffin block.

Evaluation of CISH, FISH, and IHC were done in a
blinded manner, ie, unaware of the results of the other
assays.

Results

CISH was successful in 157 of 160 (98%) formalin-fixed
paraffin-embedded breast cancer samples attempted.
Gene copies visualized by CISH were clearly distinguish-
able using a x40 objective in tissue sections which were
lightly counterstained with hematoxylin (Figure 1A). Am-
plified gene copies appeared typically as large peroxi-
dase-positive intranuclear gene copy clusters (Figure 1B)
or as numerous individual peroxidase-positive small sig-
nals (Figure 1C). Tumors with no amplification showed
typically 1 to 2 spots per nucleus (when diploid), or two to
four spots in chromosomally aneuploid cases.

Comparison of CISH, FISH, and IHC

We correlated the results obtained by CISH to those by
FISH made on cells prepared from a fresh tumor sample.
In a series of 157 unselected breast cancers the preva-
lence of HER-2 amplification was 23.6% by FISH and
17.2% by CISH. There were 120 tumors with no amplifi-
cation and 27 with amplification by both methods (Table
1). FISH found HER-2 amplification in 10 tumors which
were negative by CISH (five gene copies or less) (Table
1). The kappa coefficient, measuring agreement between
the methods (0, no agreement; 1, perfect agreement)
was 0.81 (95% confidence interval, 0.69 to 0.92).
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Figure 1. Examples of CISH of HER-2 oncogene in breast cancer. A: A tumor
with one to two clearly identifiable copies of HER-2/neu gene (no amplifi-
cation). A typical HER-2/neu amplification appears either as a peroxidase-
positive cluster of gene copies (B), or as multiple individual gene copies (C).
Original magnification, X600. Counterstained with hematoxylin.

HER-2 gene amplification by CISH and FISH was also
compared with p185™ER2 protein overexpression de-
tected by IHC (using monoclonal antibody CB-11) (Table
2). IHC was somewhat less sensitive but generally in
good agreement with FISH and CISH. The prevalence of
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Table 1. Comparison between CISH and FISH in the
Detection of HER-2/neu Amplification in 157

Breast Cancers

CISH

No amplification Amplification
FISH (%) (%)

120 (76.4) 0 (0)
10 (6.4) 27 (17.2)

No amplification
Amplification

Kappa coefficient, 0.81 (95%. C?7?i, 0.69 to 0.92).

HER-2 overexpression was 19.7%. There were 11 tumors
positive by FISH but negative by IHC, but only two such
tumors positive by CISH. Only one of the immunohisto-
chemically weakly positive (2+) tumors was found ampli-
fied by CISH or FISH. Table 3 lists the results of CISH,
FISH, and IHC of the 10 tumors in which CISH and FISH
were in disagreement.

Discussion

The present study demonstrated the utility of enzymatic
(peroxidase) detection in the determination of HER-2 am-
plification in paraffin-embedded tumor samples. To the
best of our knowledge oncogene amplification has been
detected with enzymatic DNA in situ hybridization only in
one previous study.’ The main reason for preferring
fluorescence detection has been the superior signal-to-

Table 2. Relationship between HER-2/neu Amplification
Determined by FISH and CISH and p185'"%?
Overexpression by Immunohistochemistry

Immunohistochemistry with
monoclonal antibody CB-11*
Negative Weakly Positive
(Oor1+) positive (2+) (3+)
FISH
No 115 4 1
amplification
Amplification 11 1 25
CISH
No 124 5 1
amplification
Amplification 2 0 25

*Using standard microwave oven heating for antigen retrieval.

noise ratio of the hybridization signal when modern epi-
fluorescence microscopes are used. Although bright-
field detection is relatively simple and straightforward
with chromosome centromere probes, ' the difficulty to
obtain bright enough signals with gene-specific cosmid,
P1, PAC, and BAC clones has impaired the detection of
uniqgue sequence probes with bright-field microscopy
techniques. The key solution to the problem was to use a
contig of two BAC clones, after removing their repetitive
DNA sequences (eg, Alu and LINE elements), which
cause unspecific hybridization.'® According to our expe-
rience, the modified probe gives much brighter and more
crisp signals than ordinary P1 and BAC probes in CISH,
and yet satisfactory signals are obtained by both probe
types in FISH. Another advance in the present CISH
method is the pretreatment of tissue sections with a com-
bination of heating in a microwave oven and a short
enzyme digestion. After microwave treatment the need
for individual adjustment of enzymatic digestion was not
needed for a vast majority of tissue sections, which is
often the case when using sodium bisulphite treatment or
enzymatic digestion alone.™ The detection system used
in CISH (anti-digoxigenin-fluorescein isothiocyanate plus
anti-fluorescein-isothiocyanate horseradish peroxidase
plus diaminobenzidine chromogen) was found to have
superior sensitivity over direct (conventional) immunode-
tection (anti-digoxigenin horseradish peroxidase plus
diaminobenzidine). Tyramide-based signal enhancement
was not found useful in this application.

After solving the issues related to lower sensitivity of
peroxidase-based probe detection, the advantages of
CISH over FISH in routine diagnostics of HER-2 amplifi-
cation are obvious. First, CISH hybridization is much
faster to analyze than FISH, and verification of histopa-
thology can be done simultaneously from the tissue sec-
tion that is counterstained with hematoxylin. In FISH the
representativity of the cells selected for signal enumera-
tion is based on nuclear DAP1 staining, which does not
allow sufficient histopathological evaluation of the cells.
Thus, in routine diagnostics FISH is prone to sampling
error, although this can be minimized by using adjacent
H&E-stained slides.

The current version of HER-2 CISH is based on single
color detection of one probe, similarly as in the Food and
Drug Administration-approved FISH test (INFORM HER-
2/neu test, Ventana Medical Systems, Tucson, AZ). We

Table 3. Results of HER-2/neu CISH, FISH and Immunohistochemistry in Cases with Disagreement between the Methods
Tumor no. FISH CISH Immunohistochemistry
22 Low-level amplification® Not amplified Negative (0 or 1+)
41 Low-level amplification Not amplified Negative (0 or 1+)
52 Low-level amplification Not amplified Negative (0 or 1+)
54 Low-level amplification Not amplified Negative (0 or 1+)
88 High-level amplification® Not amplified Negative (0 or 1+)
106 Low-level amplification Not amplified Weakly positive (2+)
123 Low-level amplification Not amplified Negative (0 or 1+)
126 Low-level amplification Not amplified Negative (0 or 1+)
127 Low-level amplification Not amplified Negative (0 or 1+)
135 Low-level amplification Not amplified Negative (0 or 1+)

*Ratio between HER-2/neu and 17 centromere signals 2 to 5.
TRatio between HER-2/neu and 17 centromere signals >5.



used a similar definition for amplification, ie, more than
five gene copies in at least 50% of the cancer cells. In our
material approximately half of the nonamplified tumors
showed one to two signals per cell, and half showed
three to five copies/nucleus. The latter is because of
chromosomal aneuploidy and should be interpreted as
no HER-2 amplification. Because of DNA replication dur-
ing S and G./M phases of the cell cycle, a small propor-
tion (10 to 30%) of aneuploid cancer cells may contain
five to eight signals/nucleus. This should also be re-
garded as a negative finding (no HER-2 amplification).
The theoretical advantage of two-color FISH (Vysis) is its
ability to distinguish chromosomal amplification from an-
euploidy using a differentially labeled reference probe
(chromosome 17 centromere). However, as yet there are
no large comparisons between Vysis’ two-color FISH and
the CISH-like single-color FISH which could confirm the
advantage of the two-color system.

In our series, the agreement between CISH with FISH
was generally very good. However, there were 10 tumors
(6.4%) defined as amplified by FISH but not amplified by
CISH. This suggests that CISH may have a lower sensi-
tivity. However, an alternative explanation is the differ-
ence in the sample materials. FISH was done on entire
nuclei derived from freshly frozen tissue material,
whereas CISH used paraffin-embedded tissue sections,
which are technically more difficult to hybridize. When
one examines the discordant tumors in detail (Table 3), it
appears that all but one tumor was scored as having a
borderline low-level amplification in FISH (copy number
ratio, 2 to 5). Moreover, eight of these tumors were neg-
ative by CB-11 IHC (one had 2+ staining). Thus the
discordancies may simply reflect the fact that the thresh-
old for calling low-level amplification may have been too
low, and that it may not always associate with gene
amplification which causes p185757? overexpression.
Moreover, unbiased assessment of sensitivity and spec-
ificity of CISH (versus FISH) would require a much larger
set of tumors, where the effect of a few individual tumors
would not be as large as in this material. The superiority
of one HER-2/neu test over another can best be solved by
using the clinical response to trastuzumab therapy as
reference.

In terms of feasibility and accuracy, CISH provides a
tempting alternative to HER-2 IHC, the specificity and
sensitivity problems of which have been demonstrated in
several studies.®>® In IHC it is not possible to identify a
false-negative staining result or to discriminate whether a
2+ staining result is because of HER-2 gene amplifica-
tion (and a likely response to Herceptin), or because of
amplification-unrelated p185E72 expression or nonspe-
cific staining. In CISH, the diagnosis of unaltered HER-2
gene status is based on the presence of one to five gene
copies in cancer cells. If CISH shows no hybridization
signals, the hybridization had failed because of technical
reasons. A typical gene amplification by CISH is a per-
oxidase-positive cluster of multiple gene copies, which is
easy to identify in the microscope with a x40 objective
magnification. The exact enumeration of gene copies is
not always possible, but at least in routine diagnostics
enumeration of gene copies exceeding 10 is not needed.
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The most difficult category in CISH is the low-level am-
plification (six to 10 gene copies/cell), in which accurate
enumeration of the gene copies is necessary. However,
even in these cases the microscopic evaluation is much
faster than that of FISH.

In conclusion, the present results provide a proof-of-
principle of CISH in the detection of HER-2 amplification
in archival paraffin-embedded breast tumor samples. Be-
cause most pathologists are not familiar with fluores-
cence microscopy but are experienced in evaluating
CISH-like peroxidase-based immunostainings, the time
and effort needed for learning evaluation of CISH is much
shorter than that of FISH. Moreover, CISH does not re-
quire any equipment that doesn't already exist in routine
histopathology laboratories. Although larger tumor mate-
rials need to be tested before the exact performance of
CISH can be assessed, the present results already make
CISH as a tempting alternative to FISH as a secondary
test to clarify the 2+ results of immunohistochemical
staining. Alternatively, because of the feasibility and rel-
ative low cost, combined use of IHC and CISH can be
considered instead of FISH in the primary tumor screen-
ing of HER-2/neu oncogene amplification status.
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