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Review Article

Biological and Clinical Significance of HER2 Overexpression in
Breast Cancer

Junichi Kurebayashi

The product of the HER2/neu proto-oncogene, HER2, is the second member of the human epidermal
growth factor receptor (HER) family of tyrosine kinase receptors and has been suggested to be a ligand
orphan receptor. Ligand-dependent heterodimerization between HER2 and another HER family member,
HER1, HER3 or HER4, activates the HERZ signaling pathway. The intracellular signaling pathway of
HER2 is thought to involve ras-MAPK, MAPK-independent S6 kinase and phospholipase C-y signaling
pathways. However, the biological consequences of the activation of these pathways are not yet com-
pletely known.

Amplification of the HER2 gene and overexpression of the HER2 protein induces cell transformation
and has been demonstrated in 10% to 40% of human breast cancer. HER2 overexpression has been
suggested fo associate with tumor aggressiveness, prognosis and responsiveness to hormonal and cyto-
toxic agents in breast cancer patients. These findings indicate that HER2 is an appropriate target for
tumor-specific therapies. A number of approaches have been investigated: (1} a humanized monoclonal
antibody against HER2, thuMAbHER?2 (trastuzumab), which is already approved for clinical use in the
treatment of patients with metastatic breast cancer; (2) tyrosine kinase inhibitors, such as emodin, which
block HER2 phosphorylation and its intracellullar signaling; (3} active immunotherapy, such as vaccina-
tion; and (4] heat shock protein (Hsp) 90-associated signal inhibitors, such as radicicol derivatives,

which induce degradation of tyrosine kinase receptors, such as HER2.
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HER?Z2 Signaling Pathway (Table 1)

The product of the HER2 gene (also known as c-
erbB-2 and neu), HER2, encodes a 185 kDa trans-
membrane glycoprotein and belongs to the
human epidermal growth factor receptor (HER)
family of receptor tyrosine kinases (RTKs)". Four
members of this family, HER1 (also known as epi-
dermal growth factor receptor)?, HER2, HER3
and HER4", have been identified so far. In gener-
al, RTKs have an extracellular domain (ECD)
which interacts with polypeptide ligands. Ligand
binding to the ECD results in the formation of
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receptor homo- or heterodimers and stimulation
of intrinsic kinase activity, which leads to the
phosphorylation of tyrosine residues in the intra-
cellular domain®. These serve as docking sites for
a number of src-homologous 2-domain proteins
including the adaptor proteins, SHC®, Grbs” and
the p85 subunit of phosphatidylinositol 3-kinase
(PI3K)¥. These adaptor molecules link RTKs to
intracellular signaling pathways such as the mito-
gen-activated protein kinase (MAPK) pathway?,
MAPK-independent p70/p85 S6 kinase cascade'”’
or the phospholipase C (PLC)-y signaling path-
way'’. However, the biological consequences of
the activation of these pathways are not yet com-
pletely known.

Although a number of ligands for the HER
family members have been identified, such as epi-
dermal growth factor (EGF)™, heparin binding
EGF-like growth factor (HB-EGF)™, betacellulin®
and heregulins®, no ligand has been reported to
directly bind to HER2. Therefore, HER2 is recog-
nized as a ligand orphan receptor. However,
recent studies have revealed that all ligands for
the HER family members induce HER?2 tyrosine
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Table 1. HER2 Signaling Pathway

HER 2 Overexpression in Breast Cancer

EGF-related ligands Receptors HER2 heterodimers Intracellular signaling
EGF and HB-EGF HER1 HER1-HER?2 ras-MAPK and PLC-y
betacellulin HER HER1-HER2 ras-MAPK and PLC-y
HER4 HER2-HER4 ras-MAPK
heregulins HER3 HER2-HER3 ras-MAPK and PI3K/p70/p855
HER4 HER2-HER4 ras-MAPK

phosphorylation by triggering heterodimerization
between HER?2 and another HER family receptor,
HER1, HER3 or HER4. In other words, HER? is
the preferred heterodimerization partner of all
the HER family receptors and mediates lateral
signaling in target cells'® ',

Oncogenic Potential of HERZ2 Overexpression

The HER?2 oncogene was originally identified
as a result of DNA transfection and focus forma-
tion assays using DNA isolated from a rat neurob-
lastoma®. This oncogene becomes activated in
the rat by a point mutation within the transmem-
brane region. However, no point mutation has
been identified in human tumors. Amplification
and/or overexpression of the HER2 oncogene is
related to malignancy. In vitro assay systems,
such as focus transformation and anchorage-inde-
pendent growth, have showed that HER2 overex-
pression mediates transformation of normal cells
including mammary epithelial cells®® . In addi-
tion, an elegant study of transgenic mice carrying
an activated HER?2 gene driven by a mouse mam-
mary tumor virus promoter demonstrated that
HER? activation leads to a stepwise progression
of carcinogenesis in mammary epithelium. A
recent study also showed that the expression of
activated HER2 under normal transcriptional con-
trol was not sufficient for the initiation of mamma-
ry carcinogenesis but that amplification of the
HER?2 oncogene resulted in the appearance of
mammary tumors?. These findings obtained
from both iz vitro and in vive studies suggest that
HER?2 overexpression plays a critical role in the
development of mammary tumors.

Evaluation of HER2 Overexpression in
Breast Cancer (Table 2)

A number of methodologies have been applied
to evaluate amplification and overexpression of
the HER2 gene in breast cancer®. Gene amplifi-
cation has been measured by Southern blot analy-
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Table 2. Evaluation of Amplification and Overexpression of the
HER?2 Gene

Gene amplification
Southern blot/slot blot analysis
Fluoroscene in situ hybridization (FISH)*
PCR analysis

Protein expression
Immunohistochemistry*
Western blot analysis
Enzyme immunoassay

mRNA expression
Northern blot analysis
PCR analysis
In situ hybridization

*practical and reliable

sis or slot-blot analysis of tumor tissue-derived
DNA. Recently, polymerase chain reaction (PCR)
methods and ix situ hybridization have also been
used. Amplification of the HER2 gene has been
identified in 10% to 40% of breast cancers. The
lower frequencies probably reflect contamination
of surrounding normal tissues and degradation of
tumor DNA. Notably, the fluorescence in situ
hybridization (FISH) technique has been used to
measure the number of HER2 gene copies in for-
malin-fixed archival specimens® as well as fine-
needle aspiration samples?”. FISH has been
reported as a rapid, reproducible and reliable
method of detecting HER2 gene amplification.
HER?2 mRNA expression has been evaluated by
Northern blot analysis, in situ hybridization or
PCR methods using frozen tumor tissues. Howev-
er, instability of mRNA in tumor samples may
interfere with the quantification of HER2 mRNA.
Quantitative and qualitative evaluation of HER2
protein has been performed using immunohisto-
chemistry on frozen and archival tumor tissues,
and using Western blot analysis or enzyme
immunoassays on solubilized tumor extracts. It is
suggested that contamination of tumor samples
with normal stromal cells and connective tissues
dilutes HER? protein levels.
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Immunohistochemistry with anti-HER2 anti-
bodies and archival tissues is a practical and reli-
able method used to evaluate HER2 protein
expression in breast cancer. However, compar-
isons among different antibodies have demon-
strated different levels of sensitivity and specifici-
ty on archival tissue samples®. Indeed, the proce-
dures of fixation, embedding and storage of
tumor samples substantially influence HER2 pro-
tein conservation. Additionally, lack of a uniform
scoring system to interpret HER2 staining is
another important issue affecting the evaluation
of HER?2 expression. Recently, the U.S. Food and
Drug Administration has approved an immuno-
histochemical test kit to determine tumor HER2
status®. In the near future, a recombinant human-
ized anti-HER2 monoclonal antibody (MAD)
(rhuMAbHER?2, trastuzumab, Genentech Inc.,
South San Francisco, CA, USA) #* will be used
for the treatment of breast cancer in Japan. HER2
overexpression in tumor tissues is an essential
indicator for the use of this MAb. Therefore, a
clear guideline for evaluating HER2 expression in
tumor samples should be made in Japan as soon
as possible.

A very recent report has indicated that the low
interobserver reproducibility in evaluating HER2
status by immunohistochemistry necessitates fur-
ther confirmation by FISH before treatment deci-
sions are made. It is also suggested that negative
staining for HER? always correlates with a lack of
gene amplification but positive membranous
staining does not always predict gene amplifica-
tion, and that immunohistochemical staining may
be considered as a useful screening test®?. These
findings prompt us to prospectively compare
immunohistochemistry and FISH for the evalua-
tion of HER?2 status as a predictor of response to
trastuzumab in breast cancer.

HER?2 Overexpression as a Prognostic Marker

Because of the above problems in determining
tumor HER? status, the results of breast cancer
outcome studies and of studies to investigate the
association between HER2 overexpression and
conventional prognostic factors have not been
uniform. However, most studies have suggested a
correlation between HER2 overexpression and
other parameters indicative of tumor progression,
such as tumor size, lymph node metastasis, high
histological grade, absence of hormone receptor
expression, aneuploidy and high proliferation

Table 3. HER2 Overexpression as o Predictive Factor of Response to
Therapy

HER2 overexpressing tumors

Response to endocrine therapy
Adjuvant setting poor/detrimental
Therapy for metastatic diseases poor

Response to anthracycline-based regimens

Adjuvant setting confroversial

Therapy for metastatic diseases unknown
Response to CMF

Adjuvant setting controversial

Therapy for mefastatic diseases unknown
Response to taxanes

Adjuvant setting unknown

Therapy for metastatic diseases favorable?
Response to trastuzumab

Adjuvant setting unknown

Therapy for metastatic diseases favorable

index®. Although it is well established that HER2
overexpression is indicative of poor prognosis in
node-positive breast cancer patients, there is no
consensus on its predictive value in node-negative
patients **, These findings suggest an important
biological role of HER2 overexpression in the
progression of breast cancer. Recently, HER2
activity can be measured using antibodies that
recognize only the tyrosine-phosphorylated form
of HER2**, However, no data has been reported
so far on the relevance of HER2 activation as a
more reliable prognostic factor.

HER?2 Overexpression as a Predictive Factor
of Response to Endocrine Therapy (Table 3)

A strong correlation between HER2 overex-
pression and estrogen receptor (ER) negativity in
breast cancer has been demonstrated. Some
experimental work has suggested the action
mechanisms of this phenomenon. First, it is sug-
gested that estrogen down-regulates the tran-
scription of the HER2 gene** ), Thus, HER2 gene
expression may be partially suppressed by estro-
gen in tumors expressing ER. Second, it has been
reported that transfection of HER2 gene, which
causes HER?2 overexpression, into hormone-
dependent breast cancer cells reduces the hor-
mone dependency of these cells*°. Additionally,
transfection of heregulin, which causes activation
of HER? signaling, into these cells also reduces
their hormone-dependency as well as the function
of ER*. These findings may explain the negative
relationship between HER2 and ER expression.
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In contrast, approximately half of breast can-
cers overexpressing HER2 are ER-positive®?.
Moreover, recent retrospective studies have
revealed that HER?2 overexpression in breast can-
cer predicts unresponsiveness to hormonal thera-
py in the adjuvant setting®® as well as in the treat-
ment of recurrent disease*. It should be noted
that tamoxifen treatment in the adjuvant setting
was suggested to be detrimental in patients with
tumor overexpressing HER2*. Another report
indicates that the serum level of the soluble
HER?2 ECD is more predictive of response to hor-
mone therapy than the ER status®. These find-
ings suggest that hormone therapy would not be
indicated in patients with tumors expressing both
ER and HER2. Otherwise, our experimental study
suggested that a combined treatment with antie-
strogen and anti-HER2 MAb, rhuMAbHER?2, syn-
ergistically inhibited the growth of human breast
cancer cells expressing both ER and HER2*,
This new strategy may be useful and should be
tested in the treatment of patients with breast
cancer.

HERZ2 Overexpression as a Predictive Factor
of Response to Chemotherapy (Table 3)
Recently, some retrospective studies have
pointed to the importance of HER2 overexpres-
sion in the response to doxorubicin, to CMF ther-
apy or to paclitaxel. A clinical study indicated that
patients receiving a dose-intensive doxorubicin-
based chemotherapy had significantly longer dis-
ease-free survival and overall survival if their
tumors overexpressed HER2?. However, this is
not the case in patients receiving a low-dose dox-
orubicin-based chemotherapy*. Two subsequent
studies supported the hypothesis that a dose-
intensive doxorubicin-based chemotherapy is
more active in patients with tumors overexpress-
ing HER2. However, both studies emphasized the
complexity of the interactions, including an
important role for p53 in predicting the response
to therapy***. Further validation of these parame-
ters is needed before clinical implementation. In
addition, the action mechanisms of these interac-
tions remain to be elucidated. Very recently, it
has been reported that coamplification of HER2
and topoisomerase II « genes was detected in pri-
mary breast cancers®. Doxorubicin is a topoiso-
merase I « inhibitor and the expression levels of
topoisomerase II « protein in breast cancer cells
correlated with sensitivity to doxorubicin. These
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Table 4. HER2 Overexpression as a Target for Therapy

Monoclonal antibodies against HER2
humanized monoclonal antibody (trastuzumab)
bispecific monoclonal antibodies
conjugates of monoclonal antibodies with chemotherapeutic
agents
Tyrosine kinase inhibitors
emodin
Active immunotherapy
vaccination
Hsp90-associated signal inhibitors
geldanamycin derivatives
radicicol derivatives

findings may explain the altered chemosensitivity
to doxorubicin reported in HER2-amplified breast
cancers.

The potential role of HER2 as a predictor of
adjuvant CMF therapy is still controversial. Two
retrospective studies suggested that patients with
HER?2-negative tumors seemed to benefit from
this therapy, whereas patients with HER2-positive
tumors did not™*», Recently, a retrospective study
using the samples collected from the “CMF ver-
sus no treatment” clinical trial has indicated that
HER?2-positive patients strongly benefit from
CMF adjuvant therapy, both in terms of disease-
free and overall survival®.

A retrospective study suggested that recurrent
breast cancer patients with HER2-positive tumors
responded significantly better to monotherapy
with taxanes than those with HER2-negative
tumors *. Further studies are clearly needed to
clarify this hypothesis.

HER? Overexpression as a Target for Therapy
(Table 4)

1) MAb against HER2

Although there are several therapeutic strate-
gies using MAb against HER2-positive breast can-
cer, such as bispecific MAb with specificities for
both HER2 and the molecules that trigger cyto-
toxicity’” and as a conjugate with chemotherapeu-
tic drugs™, the development and introduction of a
humanized MAb against HER2, rhuMAbHER?,
are discussed here because this MAb is already
approved for clinical use in the treatment of
breast cancer in Western countries and will be
approved for clinical use in Japan in the near
future.

The murine MAb 4D5 was produced against
the ECD domain of HER2 and proved to cytostati-



Breast Cancer Vol. 8 No. 1 January 2001

cally inhibit the growth of human tumor cells that
overexpress HER2, However, because of occur-
rence of human anti-mouse antibodies, murine
antibodies are inadequate for clinical use. Thus,
MAD 4D5 was humanized by inserting its comple-
mentary-determining regions into the human
immunoglobulin G1 framework?”. This human-
ized MAD is called rhuMAbHER?2 or trastuzumab
(Genentech Inc.). In a phase II study including
heavily pretreated patients with HER2-overex-
pressing metastatic breast cancer, intravenous
administration of this MAb as a single agent was
found to be safe, and 11.6% and 37% of treated
patients obtained objective response and stable
disease, respectively?. This is the first evidence
that MADb against growth factor receptors can
achieve objective response in patients with solid
tumors. Recently, this MAb in combination with
first-line chemotherapy (doxorubicin plus cyclo-
phosphamide or paclitaxel) was found to be more
effective than chemotherapy alone in phase II and
III trials of patients with HER2-overexpressing
metastatic breast cancer®’. Combination thera-
pies of this MAb with other chemotherapeutic
agents, such as cisplatinum?® and navelbine®, are
also suggested to be effective. Additionally, in our
laboratory, combined treatments with this MADb
and hormonal agents* as well as radiation thera-
py are under investigation. However, the precise
action mechanisms of this MADb on regulating
tumor growth both ix vitro and in vivo are not yet
fully understood. Finally, unexpected cardiotoxici-
ty has been reported in the use of this MAb alone
or in combination with cytotoxic agents. Cardiac
function should be monitored in patients receiv-
ing this MAb.

2) Tyrosine Kinase Inhibitors

One of the tyrosine kinase inhibitors, emodin,
was reported to inhibit HER2 tyrosine kinase
activity and to repress the transformation ability
and growth rate of HER2-overexpressing breast
cancer cells preferentially *. Emodin was also
shown to sensitize HER2-overexpressing tumor
cells to chemotherapeutic agents both in vitro
and in vivo™. These findings indicate that com-
bined treatment with tyrosine kinase inhibitors
and chemotherapeutic agents may be a promising
strategy against HER2-overexpressing tumors.

3) Active Immunotherapy

A series of studies has revealed that a portion
of breast cancer patients develop antibody and
cellular immune responses specific for HER2. In

addition, the detection of HER2-specific antibod-
ies in breast cancer patients is reported to corre-
late with HER2 overexpression by the primary
tumors®™. It is not yet known whether immunity
to HER?2 predicts improved survival, but existent
immunity predicts that vaccines will be able to
promote immunity to HER2. Effective immuniza-
tion regimens of active immunotherapy have
been explored®”.

4) Heat Shock Protein (Hsp) 90-associated Sig-

nal Inhibitors

Hsp90 is a molecular chaperone and plays a
key role in the stability and function of multiple
signaling molecules, such as HER2, Raf-1 and
mutant p53. Benzoquinone ansamycins®, such as
geldanamycin, and radicicol® have been known
to specifically interact with an Hsp90 amino-termi-
nal nucleotide-binding domain, disrupting the
chaperone’s association with its client-signaling
proteins and leading to their subsequent destabi-
lization and proteolysis. Both have a potent antitu-
mor effect and are considered to be novel anti-
cancer agents. Indeed, a geldanamycin derivative
is under a phase I clinical trial®.

Recently, a novel oxime derivative of radicicol,
KF25706, was synthesized at the Pharmaceutical
Research Laboratories, Kyowa Hakko Kogyo Co.,
Ltd. (Sunto-gun, Shizuoka, Japan) %. Preclinical
study revealed that this agent could exhibit both
in vitro and in vivo antitumor activity through
inhibition of the Hsp90 family chaperone func-
tion. Notably, this agent drastically depleted
Hsp90-associated molecules, such as HER2. No
liver or renal toxicity of this agent was reported.
Recently, we have been involved in studies of the
antitumor effect of KF25706 and a more potent
new derivative, KFF58333, on human breast cancer
cells both n vitro and in vivo. Both agents exhib-
ited a potent growth inhibitory effect i vitro and
a long-lasting antitumor effect on xenografts in
nude mice associated with a significant antiangio-
genic effect (manuscript in preparation). These
agents may be good candidates for further clini-
cal development.
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