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Trastuzumab as a preoperative monotherapy does not inhibit
HER2 downstream signaling in HER2-positive breast cancer
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Abstract. Human epidermal growth factor 2 (HER?2) is
overexpressed in 15-20% of breast carcinomas. The over-
expression of HER2 was previously associated with a poor
prognosis until the development of the first anti-HER?2 therapy,
trastuzumab, which drastically improves the prognosis of
HER2-overexpressing breast cancers. However, its mecha-
nism of action remains not fully understood. Several studies
have proposed that the behavior and mechanism of action of
trastuzumab may be drastically altered in vitro and in vivo.
The present study assesses the ability of trastuzumab to inhibit
the phosphorylation of the key-proteins of phosphoinositide
3-kinase (PI3K)/protein kinase B (AKT)/mechanistic target
of rapamycin and Ras/Raf/mitogen-activated protein kinase
(MAPK) signaling pathways in vitro, in breast cancer cell
lines and in tumor biopsies obtained from patients treated
with trastuzumab preoperative monotherapy as part of
the Unicancer GEP0O4 RADHER phase II clinical trial.
HER2-positive SKBR3 and HER2-negative MCF-7 cell lines
were exposed to trastuzumab for 72 h. In total, 41 patients
received trastuzumab alone for 6 weeks of preoperative treat-
ment. Biopsies were collected at the baseline and at surgery.
A total of 19 pairs of associated baseline and surgery tumor
specimens were eligible for protein extraction and comparative
phosphoprotein expression analysis, prior to and subsequent to
treatment. The expression of phosphoproteins was quantita-
tively assessed using a multiplex immunoassay. In the SKBR3
cell line, a statistically significant decrease of the expression
level of phosphorylated (p-)AKT, p-ribosomal protein S6
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kinase B1, p-extracellular signal regulated kinase 1/2 and
p-mitogen-activated protein kinase kinase 1 was observed
after exposure to trastuzumab. In contrast, no statistically
significant variations for levels expression of these phospho-
proteins were observed in patients following treatment. The
lack of downregulation of PI3K and MAPK pathways could
probably be explained by the implementation of a predominant
immunological mechanism of action for trastuzumab, a type
of antibody-dependent cell-mediated toxicity, which has previ-
ously been reported in preoperative monotherapy settings.
The present study confirms that trastuzumab involves various
modes of action when assayed in vitro and used clinically.

Introduction

Breast cancer treatment has evolved in the last 20 years thanks
to the better understanding of molecular mechanisms and the
identification of numerous genomic alterations involved in
the carcinogenesis process. This knowledge also allowed the
identification of novel therapeutic targets and the development
of numerous drugs specifically directed against these targets,
called targeted therapies. The human epidermal growth factor 2
(HER2) oncoprotein is one of the first therapeutic targets iden-
tified for breast carcinoma treatment. This protein is a class 1
transmembrane receptor with tyrosine kinase activity and is
involved in the oncogenic activation of numerous signaling
pathways, including the mitogen-activated protein kinase
(MAPK) and phosphoinositide 3-kinase (PI3K) pathways (1,2).
These pathways are important for cellular homeostasis and
regulating the mechanisms of growth, differentiation, cell
proliferation and apoptosis (3). The two pathways are frequently
dysregulated in breast cancers due to mutations, deletions or
rearrangements on the signaling proteins encoding genes (4).
The MAPK and PI3K pathways are kinase dependent.
Activation of these kinases leads to the formation of their
active phosphorylated states (5). The upregulation of
signaling pathways and an increase in the phosphorylation
of proteins that are involved in these pathways has been
demonstrated in numerous cancers; this was particularly the
case for phosphorylated-protein kinase B (p-AKT) in lung
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cancer, myeloid leukemia, prostate and breast cancers (6-8).
Consequently, protein phosphorylation may be an indicator
of signaling activity in tumors, and can be used to assess
the activity of intracellular signaling pathways (9). Levels of
phosphorylated forms of cells signaling proteins may be a
prognostic biomarker and may predict the tumors sensitivity
to treatment (10-12).

HER?2 receptors are involved in tumor development and
proliferation (13). Activating mutations on gene loci encoding
the tyrosine kinase domain, or the overexpression of HER2
receptors, can lead to the upregulation or dysregulation of
downstream signaling pathways (13). HER2 is overexpressed
in 15-20% of breast carcinomas (1,14).

The overexpression of HER2 was previously associ-
ated with a poor prognosis until the development of the first
anti-HER?2 therapy, trastuzumab, which drastically improves
the progression-free and overall survival times of patients with
HER?2-overexpressing breast cancers (15).

Trastuzumab is an immunoglobulin G1 (IgGl)-type
humanized recombining monoclonal antibody (mAb) directed
against the extracellular domain of HER?2 tyrosine kinase
receptor (16,17). This m Ab specifically binds the subdomain IV
of HER2 extracellular domain, and through this molecular
mechanism, trastuzumab activity is awaited by blocking
HER?2 downstream cell signaling (17-19). Due to the IgGl
backbone, trastuzumab also acts through antibody-dependent
cell-mediated cytotoxicity (ADCC). The interaction of the
Fc domain with Fc y receptor of immune cells, including
natural killer cells and macrophages, leads to the activation
of these cells and thus the lysis of cancer cells (1,2,16,20-24).

Several studies have proposed that the behavior and mech-
anism of action of trastuzumab may be drastically altered
in vitro and in vivo (19,21), and that the relative involvement of
signaling inhibition vs. ADCC could be an important determi-
nant of the activity of trastuzumab (25).

The aim of the present study was to assess the ability
of trastuzumab to inhibit the phosphorylation of the major
proteins of the PI3K/AKT/mechanistic target of rapamycin
(mTOR) and Ras/Raf/MAPK signaling pathways signaling
pathways in vitro, in breast cancer cell lines and in tumor
biopsies obtained from patients treated with preoperative
trastuzumab monotherapy as part of the RADHER clinical
trial.

Materials and methods

Cell lines. HER2-positive SKBR3 [American Type Culture
Collection (ATCC)® HTB-30™; ATCC, Manassas, VA, USA],
and HER2 negative MCF-7 (ATCC® HTB-22™; ATCC),
cell lines were maintained in phenol red-free RPMI-1640
culture medium supplemented by 10% fetal calf serum (FCS;
Dutscher, Brumath, France) in a 5% CO, atmosphere. The two
cell lines were exposed to trastuzumab (5.10°° mol/l) for 72 h
in FCS-free medium.

Patients. All patients (n=41) had non-metastatic early or
locally-advanced HER?2 breast carcinomas (T1-3, NO-2, MO0)
according to the TNM staging (6th edition, 2002) (26) and
received trastuzumab as short-term preoperative monotherapy
as part of the Unicancer GEP0O4 RADHER phase II clinical
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trial (European Clinical Trials Database no.,2007-004098-24).
Trastuzumab was administered intravenously following a
weekly schedule with a loading dose of 4 mg/kg at day 1 then
2 mg/kg/week for 6 weeks. Surgery was performed subsequent
to the completion of the sixth cycle. All patients provided
written consent, and the study was approved by the Comité
de Protection des Personnes Ouest IV (Nantes, France). All
patients had baseline 18G-needle biopsies prior to the initiation
of the treatment. A second biopsy was performed at surgery.
Samples were snap-frozen in liquid nitrogen at -80°C to avoid
the degradation of phosphoproteins. Prior to being submitted
to total protein extraction, all biopsies were validated by a
senior pathologist from the Department of Biopathology of the
Institut de Cancérologie de Lorraine (Vandceuvre-les-Nancy,
France) using a hematoxylin-eosin frozen section examination
to ensure that the minimal tumor cell content was >50%.

In total, 19 pairs of baseline/surgery biopsies were eligible
for protein extraction and comparative phosphoprotein
expression analysis prior to and subsequent to treatment.

Phosphoprotein expression analysis using a multiplex
bead immunoassay. The expression levels of p-AKT,
phosphorylated-ribosomal protein S6 kinase Bl (p-P70S6K),
phosphorylated-mitogen-activated protein kinase kinase 1
(p-MEK1) and phosphorylated-extracellular signal regulated
kinase 1/2 (p-ERK1/2) were quantitatively assessed using a multi-
plex bead immunoassay, as previously described (27). Briefly,
proteins were extracted from cell cultures and tumor specimens
using cell lysis kit (Bio-Rad Laboratories, Inc., Hercules, CA,
USA), according to the manufacturer's instructions. Cell pellets
(1x10° cells), or tumor specimens (15-20 mg) were first disrupted
for 15 min by use a steel-bead tissue lyser (Qiagen GmbH, Hilden,
Germany). Disrupted tissues were then exposed for 10 sec to the
lysis solution containing phenylmethylsulfonylfluoride antipro-
tease. Protein extracts were finally stored at -80°C until analyzed.
Proteins extracts were transferred into 96-well plates and
diluted with 25 ul buffered solution. Multiplexing Bio-Plex
phosphoprotein singleplex assay kits (Bio-Rad Laboratories Inc.)
for p-AKT (Serd73; catalog no. 171-V1075), p-P70S6K (Thr421/
Serd24; catalog no. 171-V24155), p-MEK1 (Ser217/Ser221;
catalog no. 171-V25340) and p-ERK1/2 (Thr202/Tyr204, Thr185/
Tyrl87; catalog no. 171-V22238) monoclonal antibodies was
performed according to the manufacturer's instructions. First,
beads bearing antibodies directed against the phosphoproteins of
interest were added to each well and incubated overnight at 37°C.
Biotinylated antibodies and streptavidin phycoerythrin solution
were then added. Phosphoprotein expression was then assessed
using BioPlex® (Bio-Rad Laboratories, Inc.), in accordance with
the manufacturer's instructions. Frozen protein extracts from the
MCEF-7 cell line exposed to epidermal growth factor (EGF) were
used as positive controls. The results were recorded as mean
fluorescence intensities, expressed as arbitrary units and consid-
ered significant when exceeding a signal:noise ratio of 3. Results
were normalized to the data measured in the positive controls.

Statistical analysis. Results were recorded as the mean
fluorescence intensity of triplicate experiments (cell lines) or
duplicate measurements (patients) and expressed as arbitrary
units. Parameters were rescaled by dividing by the mean of
the parameter prior to exposure to trastuzumab. Hence, all
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Table I. Expression level of phosphoproteins in HER2-positive
SKBR3 and HER2-negative MCF-7 cell lines.

Expression level

0x107° mol/l 5x107 mol/l

Phosphoprotein trastuzumab trastuzumab P-value
MCF-7

p-AKT 1.00 (0.06) 0.95 (0.04) 0.36

p-ERK1/2 1.00 (0.03) 0.96 (0.21) 0.78

p-P70S6K 1.00 (0.05) 0.96 (0.11) 0.63

p-MEK1 1.00 (0.13) 0.85(0.17) 0.30
SKBR-3

p-AKT 1.00 (0.04) 0.32(0.07) <0.01

p-ERK1/2 1.00 (0.13) 0.68 (0.09) 0.02

p-P70S6K 1.00 (0.01) 0.83 (0.00) <0.01

p-MEK1 1.00 (0.12) 0.68 (0.07) 0.02

Results are expressed as mean (standard deviation). HER2, human
epidermal growth factor receptor 2; p-, phosphorylated; AKT, protein
kinase B; ERK1/2, extracellular signal regulated kinase 1/2; P70S6K,
ribosomal protein S6 kinase B1; MEK, mitogen-activated protein
kinase kinase 1.

Table II. Expression level of phosphoproteins in patients prior
to and subsequent to treatment with trastuzumab.

Expression level

Phosphoprotein ~ Pre-treatment ~ Post-treatment ~ P-value
p-AKT 1.00 (1.13) 0.89 (1.77) 0.77
p-P70S6K 1.00 (0.24) 0.92 (0.15) 0.16
p-MEK1 1.00 (0.62) 0.98 (0.70) 0.92
p-ERK1/2 1.00 (0.83) 1.00 (0.69) 0.99

Results expressed as mean (standard deviation). p-, phosphorylated;
AKT, protein kinase B; P70S6K, ribosomal protein S6 kinase B1;
MEK, mitogen activated protein kinase kinase 1; ERK1/2, extracel-
lular signal regulated kinase 1/2.

parameters prior to exposure to trastuzumab had a mean that
was equal to 1, and the size of the effect was not affected by
this transformation.

Comparisons of the parameters between the two times
(baseline and surgery) were made with a paired Student's
t-test. Statistical analyses were performed using SAS software
version 9.2 (SAS Institute Inc., Cary, NC, USA). A P-value of 0.05
was considered to indicate a statistically significant difference.

Results

In the MCF-7 cell line, the mean expression levels for phos-
phoproteins following exposure to 5x10° mol/l trastuzumab
were 0.95 [standard deviation (SD), 0.04], 0.96 (SD, 0.21),
0.96 (SD, 0.11) and 0.85 (SD, 0.17) for p-AKT, p-ERK1/2,
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Figure 1. Histograms showing the mean + standard deviation (error bars)
of phosphoprotein expression. (A) Expression level of phosphoproteins
in HER2-negative MCF-7 cell lines prior to exposure to trastuzumab (in
blue), and following exposure to trastuzumab (in red). (B) Expression level
of phosphoproteins in HER2-positive SKBR3 cell lines prior to exposure to
trastuzumab (in blue), and following exposure to trastuzumab (in red). HER2,
human epidermal growth factor receptor 2; p-, phosphorylated; AKT, protein
kinase B; ERK1/2, extracellular signal regulated kinase 1/2; P70S6K, ribo-
somal protein S6 kinase B1; MEK, mitogen-activated protein kinase kinase 1.
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Figure 2. Expression level of phosphoproteins in the clinical specimens of
invasive breast cancers, prior to (in blue) and subsequent to (in red) treat-
ment with trastuzumab. Histogram shows the mean + standard deviation
(error bars) of phosphoprotein expression. p-, phosphorylated; AKT, protein
kinase B; ERK1/2, extracellular signal regulated kinase 1/2; P70S6K, ribo-
somal protein S6 kinase B1; MEK, mitogen-activated protein kinase kinase 1.

P-70S6K and p-MEKI, respectively. No statistically signifi-
cant difference in the expression level of phosphoproteins
prior to and subsequent to exposure to trastuzumab for
p-AKT, p-ERK1/2, p-S70S6K and p-MEK1 (P=0.36, P=0.78,
P=0.63 and P=0.30, respectively) was detected in MCF-7
cells (Table I; Fig. 1A).

In the SKBR-3 cell line, the mean expression levels for
phosphoproteins following exposure to 5.10°° mol/l trastu-
zumab were 0.32 (SD, 0.07), 0.68 (SD, 0.09), 0.83 (SD, 0.00)
and 0.68 (SD, 0.07) for p-AKT, p-ERK1/2, P-70S6K and
p-MEKI, respectively. A statistically significant decrease in
the expression level of p-AKT (P<0.01), p-ERK 1/2 (P=0.02),
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P-70S6K (P<0.01) and p-MEKI1 (P=0.02) was observed
following exposure to trastuzumab in SKBR-3 cells (Table I;
Fig. 1B).

In patients, the mean expression levels of phosphoproteins
in the biopsies obtained subsequent to treatment were 0.89
(SD, 1.77),0.92 (SD, 0.15), 0.98 (SD, 0.70) and 1.00 (SD, 0.69)
for p-AKT, p-P70S6K, p-MEKI1 and p-ERK1/2, respectively.
No statistically significant difference in the expression of the
p-AKT (P=0.77), p-P70S6K (P=0.16), p-MEK1 (P=0.92) and
p-ERK1/2 (P=0.99) signaling phosphoproteins was observed
subsequent to treatment (Table II; Fig. 2).

Discussion

Trastuzumab undoubtedly provides a major advancement
in the treatment of breast cancer in metastatic or adjuvant
settings and alone or in combination with chemotherapy.
Trastuzumab, a mAb, dramatically improves the response
rate and progression-free and overall survival of patients with
metastatic disease (15). However, the exact mode of action of
trastuzumab remains partly elucidated, and several studies
have suggested that the inhibition of oncogenic signaling may
not be the main mode of action (21,22), in particular when
trastuzumab is administered alone for chemotherapy-naive
patients (25,28).

In the present study, the expression level of phosphoproteins
present in the PI3K/AKT/mTOR and RAS/RAF/MAPK
signaling pathways was analyzed prior to and subsequent to
exposure to trastuzumab.

The impact of trastuzumab was assessed in cell lines and
tumor specimens, which were obtained from patients with
HER2-overexpressing early breast cancer that had received
trastuzumab as a preoperative monotherapy as part of the
RADHER clinical trial.

The present study showed that trastuzumab has a varied
impact on the signaling pathways of the MCF-7 and SKBR-3
cell lines. Following exposure to trastuzumab, a statisti-
cally significant decrease in the expression levels of p-AKT,
p-P70S6K, p-MEKI1 and p-ERK1/2 was found in the SKBR-3
cell line, but not in MCF-7 cells. This result was predictable,
and may be explained by the fact that SKBR-3 cell line over-
express HER-2, in contrast to the MCF-7 cell line. Notably,
no decrease in the expression level of phosphoproteins was
observed following treatment with trastuzumab monotherapy
in HER2-positive breast cancer patients, which suggests that
other mechanisms may interfere with the expression.

Previous studies have demonstrated that trastuzumab has
several modes of action, implying that various mechanisms for
antitumor activity are present in vitro and in vivo (18,21,22).
The modulation of signaling pathways was also shown to be
a major mechanism when cell lines were treated with trastu-
zumab, whereas ADCC was the leading mechanism in small
animals treated with the same molecule (28,29). The mecha-
nism of action involved was also shown to vary depending on
the neoadjuvant or adjuvant setting, dose and administration
schedule and the presence or absence of co-administered
drugs (28,30,31). In 2004, Gennari et al showed that trastu-
zumab employed the preferential immunological mechanism
of ADCC when used as a monotherapy and in a preoperative
setting (28). Therefore, the classification of the tumor would
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not be the only parameter to consider when predicting the
response to treatment (31).

In the present study, trastuzumab was used in a preoperative
setting as a monotherapy; therefore, the lack of downregulation
of the PI3K and MAPK pathways could probably be explained
by the implementation of a predominant immunological
mechanism for a trastuzumab-associated ADCC, which is
consistent with previous studies (28). Additional studies are
required to elucidate the mechanisms underlying ADCC.

Signaling pathways have been previously shown to be
highly interconnected, with multiple points of convergence,
cross talk and feedback loops, and these pathways can acti-
vate or inhibit each other, depending on the context and on
cellular conditions (32-36). A compensatory mechanism, due
to the presence of other signaling pathways, could explain
the absence of or decrease in the expression of phosphopro-
teins. However, it should be noted that the present study was
performed on a small population, which may have led to a bias
in the results. These results should be confirmed in a larger
and more representative effective.

Bio-Plex® phosphoprotein arrays do not provide subcellular
localization data or take into account the heterogeneity of
the tumor tissue (27). Tumor heterogeneity is a major source
of variability in results. Tumors can be polyclonal, and will
therefore not express homogeneous phosphoproteins. For this
reason, it is uncertain whether the samples analyzed were fully
representative of the whole tumor, as the stroma is present in
various proportions in the tumor tissue. This possibility may
explain the difference in the results observed with cell lines
that are not affected by the stroma or tumor heterogeneity.

Results can also be affected by parameters such as the
pre-analytical phase. The pre-analytical steps for sampling
may importantly affect the results, particularly with regards
to phosphoproteins (37). Phosphoproteins are very sensitive to
temperature and rapidly degrade, which may have an impact
on the results. Numerous variables can affect the quality of
sampling, particularly intraoperative hypoxia and the cold
ischemic time. A previously study on uterus surgical speci-
mens revealed that the time between excision and analysis has
an impact on the level of expression of phosphoproteins (38).

The hot and cold ischemia time can affect the quality of
samples and induce variation in the expression of phosphopro-
teins, as phosphoproteins are very sensitive to phosphatase (38).
Preventing the dephosphorylation of the marker remains a
challenge. In addition, the degradation of phosphoproteins is
preceded by an increase of their concentration in the sample.
All these parameters are challenging to control. Rapid
processing is essential for assessing signaling activity in phos-
phoprotein studies. In the present study, the processing time
has not been traced, which may provide a significant bias in
the results. However, the excision and snap-freezing procedure
used in the present study ensures little variation in the expres-
sion of phosphoproteins, by limiting degradation.

In summary, the degradation of phosphoproteins can vary
according to the tissue, tumor type or the phosphoprotein
itself (37). Phosphoprotein expression can also be affected by
other cellular stressors prior to tissue congelation (10).

Although trastuzumab is widely used for the treatment of
HER2-overexpressing breast cancers, the underlying in vivo
mechanism of action is not yet fully understood. The present
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study showed that trastuzumab inhibits the MAPK and PI3K
pathways for cell lines overexpressing HER2, but not on
HER?2-overexpressing tumors that have received preoperative
treatment as a monotherapy. According to the results, the inhi-
bition of oncogenic signaling pathways may not be the main
mode of action employed, when trastuzumab is administered
alone in chemotherapy naive patients. Alternative molecular
mechanisms, such as the modulation of immune pathways,
should be considered.
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