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Abstract

The human epidermal growth factor receptor-2 (HER2) gene (also known as c-erbB-2 or neu) is ampli®ed in 20±30% of breast

cancers. HER2 gene ampli®cation and HER2 overexpression occur early in the development of breast cancers and are found in a
high proportion of ductal carcinomas in situ (DCIS), non-invasive cancers that generally do not give rise to metastases. In DCIS,
HER2 overexpression is found speci®cally in poorly histologically di�erentiated disease and not in well di�erentiated cancers.
Various methods have been used to analyse the HER2 status of a tumour. These either measure the degree of HER2 gene ampli®-

cation, receptor overexpression or the amount of circulating HER2 protein. In practice, immunohistochemistry is the most fre-
quently used method, being available as a standard technique in all pathology laboratories. It is of critical importance to
standardise the methods used for staining and to apply common interpretation criteria to enable direct comparison of results

between laboratories. # 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The human epidermal growth factor receptor-2
(HER2) is one of a family of four closely related trans-
membrane growth factor receptors, designated HER1 to
HER4 (c-erbB-1 to c-erbB-4), respectively, which exhibit
a high degree of homology to each other [1±3]. Trans-
membrane HER molecules exist as inactive monomers
on the cell surface, but form receptor dimers that are
stabilised by ligand binding to their extracellular
domain: dimerisation can occur between the same
receptor (a homodimer) or between di�erent members
of the family (a heterodimer) [4,5].
The interaction between the HER monomers and

various ligands (e.g. epidermal growth factor (EGF),
transforming growth factor a, amphiregulin, heparin-
binding EGF, betacellulin, epiregulin, heregulins), and
the ensuing diversity of signal transduction from the
intracellular tyrosine kinase domain, gives rise to a
complexity which explains the key role played by this

type 1 growth factor receptor family in regulating cell
growth, survival and di�erentiation. It may be that the
function of HER2 is to stimulate growth after the for-
mation of heterodimers with other members of the HER
family.
HER2 gene ampli®cation results in the overexpression

of HER2 mRNA and HER2 receptor protein. HER2
gene ampli®cation and/or protein overexpression is
found in a high percentage of some tumour types [2],
including approximately 20±30% of human breast car-
cinomas [6,7]. In breast cancers with normal HER2 gene
copy numbers, expression of HER2 protein may be
variable, but is usually expressed at, low levels (in the
range of tens of thousands of monomers) and is only
very rarely as highly expressed as in tumours with
HER2-gene ampli®cation (usually 10- to 100-fold higher
and equivalent to millions of monomers) [8]. Various
animal and in vitro studies strongly indicate that this
genotypic change of HER2 ampli®cation plays a pivotal
role in oncogenic transformation, tumorigenesis and
metastasis [9±11]. This is further supported by the ®nd-
ing that the growth of HER2-positive human breast
cancer cell lines and tumour xenografts is inhibited by
anti-HER2 monoclonal antibodies [12]. This has opened
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a new approach to HER2-targeted monoclonal anti-
body therapy of breast cancer with trastuzumab [13].

2. The need for HER2 testing

Numerous studies have investigated the relationship
between HER2 status and clinicopathological char-
acteristics in breast cancer [14]. Most of these studies to
date have focused on the role of HER2 protein expres-
sion, while only a limited number of studies have inves-
tigated the association between HER2 gene
ampli®cation and clinicopathological parameters. To
exemplify the need for testing HER2 status in breast
cancer, it is appropriate to expand on some personal
investigations and describe some important examples
from the literature. The main examples I wish to cover
show that a HER2-positive status: (1) occurs frequently
in ductal carcinoma in situ (DCIS), especially DCIS of a
poorly-di�erentiated type; (2) is associated with invasive
breast carcinomas of a poorly-di�erentiated type, and/
or are oestrogen-receptor (ER)-negative, and have a
poor prognosis, especially in node-positive disease; (3)
may be predictive of tumour sensitivity to hormonal
therapy and chemotherapy.

2.1. DCIS

Our group has developed an immunohistochemical
(IHC) assay of HER2 status utilising the 3B5 mono-
clonal antibody, which detects an intracellular epitope

of the HER2 protein [15]. We have found a high degree
of correlation between a positive HER2 status using this
IHC test and HER2 gene ampli®cation. For example, of
90 breast carcinoma samples with normal HER2 gene
copy numbers, only four samples (4%) showed strong
membrane staining for HER2 receptor overexpression
using this IHC test. Of 25 samples that demonstrated
HER2 gene ampli®cation, only two (8%) showed a
negative result for HER2 receptor overexpression using
the 3B5 monoclonal antibody IHC test.
We have used the 3B5 IHC test to determine the

HER2 status of 113 DCIS samples and to relate this to
the clinicopathological characteristics of DCIS. The
results of this analysis are shown in Table 1. As can be
seen, a positive HER2 status was signi®cantly asso-
ciated with poorly-di�erentiated DCIS, as indicated by
the higher nuclear grade and mitotic activity index, and
with a comedo or solid growth pattern as opposed to
cribiform, papillary or clinging patterns. A similar
association between HER2-protein overexpression with
high nuclear grade, high proliferation and the comedo
subtype has been noted in a large number of other
studies in DCIS [16±23]. Poorly-di�erentiated DCIS
nearly always overexpresses HER2 and is probably
indicative of tumours with greater invasive potential
[15,24]. For optimal treatment planning in DCIS, it
would be of great bene®t to stratify patients according
to their risk of local recurrence and progression to
invasive breast cancer, and assessment of HER2 status
may be of bene®t in achieving this.

2.2. Invasive breast carcinoma

We have also used the 3B5 IHC test to determine the
HER2 status of 256 invasive breast cancers and have
related this to clinicopathological features of the dis-
ease. The results of this analysis are shown in Table 2.

Table 1

HER2 status determined by IHC using the 3B5 monoclonal antibody

in relation to histological characteristics of 113 DCIS samples

Characteristic Membrane staining

(n (%) of patients)

P value

Absent Present

Dominant growth pattern

Comedo 1 (4) 24 (96)

Solid 14 (36) 25 (64) <0.001

Cribiform 22 (100) 0

Micro(papillary) 18 (86) 3 (14)

Clinging 5 (83) 1 (17)

Nuclear grade

I 32 (100) 0 <0.001

II 25 (74) 9 (26)

III 3 (6) 44 (94)

MAI (mitoses/400 cells)a

<2 23 (92) 2 (8)

2±3 27 (77) 8 (23) <0.001

4±6 5 (33) 10 (67)

>6 3 (11) 24 (89)

DCIS, ductal carcinoma in situ; MAI, mitotic activity index.
a MAI status was unknown for 11 samples.

Table 2

HER2 status determined by IHC using the 3B5 monoclonal antibody

in relation to clinicopathological characteristics of 256 invasive breast

cancer samplesa

Membrane staining

(n (%) of patients)

Characteristic Absent Present P value

Histological grade

I 22 (100) 0 <0.001

II 88 (94) 6 (6)

III 110 (79) 30 (21)

ER status

Positive 138 (91) 13 (9) <0.001

Negative 43 (68) 20 (32)

ER, oestrogen receptor.
a For 214 cases, ER status (determined using biochemical ligand

binding assay) was available.
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As for DCIS, a HER2-positive status in stage I/II inva-
sive breast cancer was signi®cantly associated with
grade III (poorly-di�erentiated) histology (P<0.001).
Similar results have been seen in other studies [25,26]. A
HER2-positive status was also signi®cantly (P<0.001)
associated with a negative ER status, which is also cor-
roborated by other studies [7,26].
It is now generally well accepted that HER2 over-

expression is indicative of a poor prognosis in invasive
breast cancer, particularly in node-positive disease.
Since the key study by Slamon and colleagues in 1987
[7], which showed that HER2 positivity independently
predicted overall and disease-free survival in a multi-
variate analysis, most other large studies have con-
®rmed HER2 status as an independent predictor of
prognosis in node-positive patients [6,27±32]. Correla-
tion between HER2 status and prognosis in node-nega-
tive patients has yielded con¯icting results, with some
studies showing a positive correlation when considering
all patients or subgroups selected according to other
clinicohistological factors [28,31,33±36], but others
showing no correlation [30,37,38]. The latter negative
results are probably explained by the low numbers of
patients evaluated, low event rate and/or inadequate
duration of follow-up, which limits the power to
demonstrate signi®cance. In node-negative breast cancer
patients, HER2 positivity is probably associated with
poor prognosis. This association is not entirely inde-
pendent of poorly-di�erentiated histological type and
not su�ciently large enough to be the sole basis for
patient selection for adjuvant systemic treatment.

2.3. Prediction of treatment response

One of the most practical applications of determina-
tion of HER2 status in breast cancer, which strongly
supports the need for routine testing, would be the
ability to predict response to therapy and therefore
guide treatment decision-making. There is a growing
body of evidence to support this, although most data
are from retrospective studies. HER2-positive tumours
may be less responsive to hormonal therapy: some
studies have indicated a resistance to [39±42], or even
worse outcome on [43], hormonal therapy, mainly
tamoxifen, but other studies have indicated no sig-
ni®cant association or even a trend towards and asso-
ciation between HER2 status and response to hormonal
therapy [44,45]. It may be that some studies failed to
rigorously exclude ER-negative patients, who are un-
likely to respond to hormonal therapy and more likely
to be HER2 positive.
Some studies have also indicated a reduced bene®t

from CMF (cyclophosphamide, methotrexate 5-¯uoro-
uracil (5-FU) therapy in HER2-positive compared with
HER2-negative patients [27,33,39,46,47], although no
such association has been found in recent studies

[48,49]. There is increasing evidence to suggest that
HER2-positive patients exhibit an increased response to
optimal versus suboptimal anthracycline dosage when
receiving anthracycline-based chemotherapy, while this
di�erential response is not seen in HER2-negative
patients [50±53]. Anti-HER2 monoclonal antibody
therapy with trastuzumab is licensed for the treatment
of metastatic breast cancer in the USA and this is one
situation where there is an absolute requirement for a
HER2-positive result using an IHC test before appro-
priate implementation of therapy.

3. Methods available for the detection of HER2 status

A wide range of assay methods have been used to
analyse tumour HER2 status. They can be broadly
classi®ed according to the target molecule detected by
the assay: DNA, mRNA or protein (Fig. 1). Protein can
be measured as intact HER2 receptor on the cell mem-
brane or extracellular domain (ECDHER2) shed from the
cell surface. Most tests measure either protein or DNA;
mRNA has been rarely used as a target detection mole-
cule, although a reverse transcription-polymerase chain
reaction (RT-PCR) method has been recently described
[54].

3.1. HER2 gene ampli®cation

Various techniques have been used for the detection
of HER2 gene ampli®cation, including Southern blot
analysis, ¯uorescence in situ hybridisation (FISH) or
bright ®eld in situ hybridisation (BRISH) on isolated
nuclei or on tissue sections, and polymerase chain reac-
tion (PCR).
There are some drawbacks associated with each of

these techniques. Southern blot analysis requires a large
amount of high quality DNA, is very labour-intensive
and time-consuming, and the results are unreliable if the
percentage of tumour cells is low in a sample [14]. These
factors therefore preclude the application of Southern
blot analysis for routine clinical application in the
determination of HER2 status. PCR has a number of
advantages: it can be performed using small amounts of
tumour cells, DNA from formalin-®xed, para�n-
embedded tumours can be used, and it is easy to auto-
mate and standardise the assay. However, the major
limitation to its practical clinical application is that it is
not optimally suited for carrying out quantitative ana-
lysis, although quantitative PCR techniques are cur-
rently being assessed for their clinical utility in HER2
DNA testing [55,56].
FISH is a widely used assay and utilises the visualisa-

tion of HER2 DNA in individual cells using a speci®c
¯uorescence-labelled probe. The detection of gene
ampli®cation in individual tumour cells is one of its
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great advantages. However, results may di�er con-
siderably if methods are not standardised.

3.2. HER2 protein overexpression

Various techniques have been used for the detection
of HER2 protein overexpression, including western
blot analysis, enzyme-linked immunosorption assay
(ELISA), and IHC.
Western blot analysis has generally been restricted to

research rather than routine clinical analysis of HER2
status, since it requires the use of fresh tumour
homogenates. The use of tumour homogenates results
in large variations depending on the amount of stromal
and other non-tumour cells present, i.e. a potential
dilution e�ect [14].
ELISA can be used to measure HER2 protein in tis-

sue homogenates or ECDHER2 in serum. It is a relatively
simple technique and is well suited to automation. If
tumour cytosolic fractions are used, it has the dis-
advantage that homogenisation of the tumour sample
results in the loss of histological information and also in
a dilution e�ect. ELISA measurement in serum has the
potential advantage of being able to rapidly determine
serial changes in circulating HER2 antigen in response
to physiological or therapeutic changes. However, cir-
culating ECDHER2 does not necessarily correlate to
tumour load and is probably only released into the cir-
culation by certain HER2-positive tumours [57,58], a
process regulated by speci®c metalloproteases [59].
Thus, the ELISA assay of serum cannot be used for the
routine determination of HER2 status.

In practice, IHC staining is the most frequently used
method for the assessment of HER2 status, being
available as a standard technique in all pathology
laboratories. IHC allows the identi®cation of HER2
protein overexpression in individual tumour cells.
However, results can be a�ected by a number of vari-
ables, including the antibody used, the detection techni-
que used and the use of frozen sections or para�n-
embedded tissue. In the latter case, the use of para�n-
embedded tissues can be in¯uenced by the time between
surgical removal of the tumour and ®xation, the ®xative
used and whether or not pre-treatment of the section is
performed prior to IHC staining (`antigen retrieval'). It
also relies on subjective interpretation of staining
results, which can be highly variable. An example of the
variability of results can be seen from the dependence of
HER2 positivity, ranging from 2 to 30%, on the
particular antibody used (Table 3) [60].

Fig. 1. Indicators of HER2 status: DNA or gene ampli®cation, and mRNA or protein overexpression.

Table 3

Incidence of breast tumours determined to be HER2-positive depen-

dent on the particular antibody used in IHC testinga

Antibody HER2 positivity (%)

9C2 30

TAB250 26

4D5 21

CB11 19

3B5 20

TA-1 9

PAB 2

HER2, human epidermal growth factor receptor-2.
a Adapted with permission from Press and colleagues [60].
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One way to standardise IHC results is to consistently
use a single commercial test kit and this has been
achieved with the HercepTest1 (DAKO). This method
has been approved by the US Food and Drug Admin-
istration (FDA) for routine selection of metastatic
breast cancer patients with HER2-positive tumours who
are appropriate candidates for treatment with trastuzu-
mab. The assay arbitrarily classi®es the degree of mem-
brane staining using a four-point scale (Table 4). It
provides a standardised procedure and inclusion of a set
of controls against which scoring can be judged. There
has been some discussion about the sensitivity and
interlaboratory standardisation of results [61±64], and it
has to be determined in the future whether this test kit is
the most appropriate assay to determine HER2 status.

4. Conclusion

The assessment of HER2 status in breast carcinomas
is of great importance for clinical decision-making since
it provides valuable prognostic and predictive informa-
tion, particularly when used alongside routine breast
cancer markers. More studies are required to strengthen
the predictive ability of HER2 status determination in
guiding therapeutic decision making. IHC is the cor-
nerstone of assessing HER2 status in breast cancer.
However, it is of critical importance to standardise the
methods used for staining and to apply common inter-
pretation criteria to enable direct comparison of results
between laboratories. Other methods of determining
HER2 status, such as FISH and maybe PCR, can be
used in conjunction with IHC, possibly as a back-up
test in patients in whom IHC results are believed to be
equivocal. With further study, such tests may prove
more suitable in the future. Assessment of HER2 status
is essential for the selection of patients who are likely
candidates for speci®c anti-HER2 therapy, e.g. tras-
tuzmab.
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