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Breast cancer is not a single
disease but a group of several
important tumor subtypes, each
with a different natural history and
each requiring a different treat-
ment. Overexpression of HER2
(which derives its name from hu-
man epidermal growth factor re-
ceptor 2) defines one of these
unique subtypes. The HER2|neu
gene is a member of a family of
genes encoding transmembrane
receptors for growth factors, in-
cluding the epidermal growth
factor receptor (EGFR), HER2,
HER3, and HER4. The intracel-
lular domain of HER2 has tyro-
sine kinase activity that regulates
important aspects of the physiol-
ogy, growth, and differentiation
of cells.*? Extracellular domains
of the HER2 protein interact with
HER family members, allowing
HER?2 to serve as a coreceptor and
to facilitate signal transduction
as part of a heterodimer complex
that forms after ligand binding.
There is no known ligand for
HER?2 itself, however, suggesting
that the primary role of HER2 is
to modulate signals after ligand
binding to other HER-family re-
ceptors.

Amplification of the HER2|neu
oncogene and related genetic el-
ements in the amplicon on chro-
mosome 17 causes a marked in-
crease (up to 100 times the usual
level) in the expression of HER2
on the surface of breast-tumor
cells. The mechanism of the se-
lective amplification of HER2/neu
is unknown. Overexpression of
HER2 can transform cultured
cells into a malignant phenotype
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and accelerate tumorigenesis.
Overexpression of HER2 appears
to encourage the formation of re-
ceptor homodimers and heterodi-
mers involving HER2, with dif-
ferent signaling properties than
seen normally.

HER2 became clinically rele-
vant with the demonstration that
HER2-positive breast cancers have
a worse prognosis than HER2-
negative tumors.> Between 15 and
20 percent of invasive breast
cancers are HER2-positive; am-
plification of the gene and the
resultant overexpression of HER2
occur during the in situ stage
of tumor development. After
HER2|neu amplification has oc-
curred, the HER2 phenotype is
thought to be fixed for the dura-
tion of the natural history of the
invasive tumor. For this reason,
testing for HER2 can be per-
formed on either the primary tu-
mor or a metastatic tumor depos-
it, generally with similar results.

HER2-positive breast cancers
have a distinctive molecular sig-
nature, including extensive chang-
es in the patterns of gene expres-
sion that distinguish these cancers
from other types of breast can-
cer.* They also have distinctive
clinical features. Population-based
studies and retrospective analyses
have shown that overexpression
of HER2 is an adverse prognos-
tic factor that is associated with
poorly differentiated, high-grade
tumors, high rates of cell prolif-
eration and lymph-node involve-
ment, and a relative resistance to
certain types of chemotherapy.
Anthracycline-based adjuvant che-

motherapy is particularly benefi-
cial in HER2-positive tumors.
Roughly half of HER2-positive
breast cancers also express the
steroid hormone receptors for
estrogen, progesterone, or both.
However, in these tumors, the
levels of steroid hormone recep-
tors are typically lower than in
HER2-negative, hormone-recep-
tor—positive tumors, and for this
reason, in part, HER2-positive
breast cancer is relatively resis-
tant to tamoxifen. All these fac-
tors contribute to the greater
risk of recurrence among women
with HER2-positive breast can-
cer than in those with HER2-
negative breast cancer. HER2[neu
gene amplification is rare out-
side breast cancer. Tumors other
than breast cancer with some de-
gree of HER2 positivity typically
express far less HER2 than breast
cancers, without evidence of gene

amplification.
Trastuzumab, a humanized
monoclonal antibody against

HER2 created by inserting por-
tions of the antigen-binding site
of'a mouse monoclonal antibody
against HER2 into a human
monoclonal antibody, was devel-
oped after it had been recog-
nized that HER2 overexpression
served as both a marker of ag-
gressive disease and a target for
treatment. Because laboratory and
clinical studies indicated that
the inhibition of cell growth by
trastuzumab is limited to HER2-
positive cancers, testing tumors
for expression of HER2 became
integral to the selection of pa-
tients for clinical trials of the
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Trastuzumab
(anti-HER2 antibody)

Extracellular effects of trastuzumab

Inhibition of cleavage of HER2 extracellular domain

Interference with homodimer and heterodimer
formation between HER-family receptors

Antibody-dependent immune mechanisms

Interactions between Trastuzumab and Tumor Cells.

Intracellular effects of trastuzumab

Induction of apoptosis
| Decreased cell proliferation

HER2 down-regulation, dephosphorylation, or both
Decreased VEGF production
Potentiation of chemotherapy
Modulation of downstream signal paths
Altered cross-talk with other signal paths

Breast-cancer cell

HER?2 serves as a coreceptor with related members of the HER family of tyrosine kinase-associated growth factors. Acquired ampli-
fication of the HER2/neu gene on chromosome 17 in HER2-positive breast cancer leads to marked overexpression of HER2 on the
cell surface, which alters normal signaling function. Trastuzumab is a humanized monoclonal antibody that binds to HER2 and

inhibits tumor-cell growth through a variety of intracellular, and possibly extracellular, mechanisms.

efficacy of trastuzumab. Because
of the success of these trials,
HER2 testing became routine in
the care of patients with breast
cancer, although controversy re-
mains as to the best method of
testing.

The studies reported in this
issue of the Journal by Piccart-Geb-
hart and colleagues (pages 1659—
1672) and Romond and colleagues
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(pages 1673-1684) are the culmi-
nation of a decade-long adventure
in clinical investigation. They
show that trastuzumab can dra-
matically improve outcomes
among women with HER2-posi-
tive breast cancer. The clinical
observations are clear, but the
scientific basis for the effects of
trastuzumab is uncertain. Labo-
ratory studies and limited data

from clinical trials suggest myr-
iad possible mechanisms of ac-
tion of trastuzumab (see diagram).
After binding to the HER2 pro-
tein, trastuzumab contributes to
apoptosis, causes down-regula-
tion of surface HER2 expression,
alters downstream signaling and
regulatory pathways in the cell
cycle, suppresses the production
of the angiogenic factor vascular
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endothelial growth factor (VEGF),
and potentiates the effects of
chemotherapy. There may also be
an extracellular effect, possibly
in mediating antibody-dependent
immune recognition.
Trastuzumab appears to have
no clinical benefit in HER2-neg-
ative breast cancers, in which
normal levels of HER2 protein
are expressed. This finding sug-
gests that a critical density or
threshold of HER2 expression or
gene amplification is necessary
for trastuzumab to act. Similarly,
trastuzumab lacks substantial ac-
tivity against other non-breast tu-
mors, even if they express mod-
erately elevated HER2 levels. It
seems likely that the clinical use
of trastuzumab will be narrowly
confined to the unique subtype
of HER2-positive breast cancer.
A better understanding of the
biologic actions of trastuzumab
is critical to improving treatments
that target HER2. For instance,
trials of adjuvant treatment have
not determined whether the po-
tentiation of the effect of che-
motherapy by trastuzumab war-
rants concurrent chemotherapy
and trastuzumab administration,
or whether sequential treatments
would be adequate. Similarly,
the optimal duration of therapy
may depend on how, precisely,
trastuzumab works. As yet, there
is no defined threshold of HER2
gene amplification that predicts
which HER2-positive tumors will
respond to treatment. It seems
probable that the greater the de-
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gree of gene amplification, the
greater the potential benefit, but
this possibility has not been
tested clinically.

Resistance to trastuzumab is
now a problem, but we do not
understand its mechanism. Strat-
egies to overcome resistance in-
clude interference with the co-
receptor role of HER2 by blocking
interactions with other HER-fam-
ily receptors or the modulation
of related signaling or apoptotic
pathways. In vitro models sug-
gest important crosstalk between
HER2-driven signal paths and
both VEGF-receptor and estro-
gen-receptor pathways. Clinical
trials that use both anti-HER2
and anti-estrogen therapies or
an anti-VEGF antibody are under
way and may prove fruitful.

The history of HER2 and
trastuzumab treatment is a tri-
umphal narrative of translational
research. An oncogene, original-
ly discovered in a rat model of
chemically induced carcinogene-
sis, was found to have a sequence
that resembled that of a normal
cellular gene. The HER2[neu gene,
when overexpressed, transforms
normal cells into cancer cells.
Next, overexpression of the gene
was found in human breast can-
cers, where it was shown to con-
tribute to a poor prognosis. A
novel antibody therapy that tar-
gets the overabundant HER2 pro-
tein was developed, and this an-
tibody now redefines the natural
history of the disease and estab-
lishes a new standard of treat-

ment for breast cancer. It is a
dramatic story that epitomizes
the often cited cliché of “bedside
to bench to bedside” research.

Like all good stories, this one
has a profound lesson: not all
breast cancers are the same. Hor-
mone receptors, HER2, and in-
creasingly, genomic profiles dis-
tinguish at least four major classes
of breast cancer: HER2-positive
tumors; HER2-negative, hormone-
receptor—positive tumors, which
can be divided into two classes,
favorable and unfavorable, on
the basis of genomic and patho-
biologic features; and basal-like
tumors that express neither HER2
nor hormone receptors. The grow-
ing appreciation of the biologic
diversity of breast cancer is forc-
ing treatment into patterns that
reflect the underlying biologic
features of the tumor, and it chal-
lenges us to redefine principles of
therapy for each distinctive class
of breast cancer.

Dr. Burstein is an assistant professor of
medicine at the Dana—Farber Cancer Insti-
tute, Brigham and Women’s Hospital, and
Harvard Medical School, Boston.
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