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Granulocyte-colony stimulating factor upregulates ErbB2
expression on breast cancer cell lines and converts primary

resistance to trastuzumab

Giuliana Cavalloni?, Ivana Sarotto®, Ymera Pignochino?,
Loretta Gammaitoni®, Giorgia Migliardi®, Luca Sgro®, Wanda Piacibello?
Mauro Risio®, Massimo Aglietta® and Francesco Leone?

The recombinant monoclonal antibody trastuzumab has
antiproliferative effect on breast cancer (BC) cells with
ErbB2 overexpression. We postulated that a mechanism
able to modify ErbB2 expression enhances the antitumor
effect of trastuzumab. We analyzed whether granulocyte-
colony stimulating factor (G-CSF), widely used in adjuvant
cancer therapy to alleviate chemotherapy-induced
myelotoxicity, could influence ErbB2 expression in BC cells
and patients. The expression of ErbB2 (Herceptest) was
analyzed in four BC cell lines (BT474, SKBR3, ZR75.1, and
T47D) treated with G-CSF and in five samples biopsies
from BC patients subjected to G-CSF rescue after
chemotherapy. The effects of G-CSF and trastuzumab
alone or their combination on cell growth and apoptosis
were investigated. G-CSF receptor was detected on all cell
lines and BC patients. G-CSF induced upregulation of
ErbB2 in SKBR3, ZR75, and T47D cells. This modulation
was not associated with an increase in tumor cell growth
in vitro. Trastuzumab alone inhibited colony formation in
soft agar but did not induce apoptosis on BC cells with no
or low ErbB2 genomic amplification. The combination of
trastuzumab and G-CSF enhanced the inhibition of tumor
colony formation and induced apoptosis on these cells.

Introduction

The ErbB2/HER2/neu proto-oncogene encodes a tyrosine
kinase receptor [1,2], overexpressed in 20-30% of human
breast cancers (BCs) [3-7]. The oncogenic potential of
ErbB2, its high level of expression, and cell surface
localization in BC make this protein a target for antitumor
therapeutic approaches. Detection of ErbB2 is useful for
the selection of BC patients suitable for treatment with
trastuzumab [8,9], a recombinant monoclonal antibody
against an extracellular domain of ErbB2. Trastuzumab
has a marked antiproliferative effect and increases the
effect of chemotherapy in BC that overexpresses ErbB2
[10-18]. The activity of trastuzumab is specific for
malignant cell lines or xenograft with ErbB2 overexpres-
sion and has no effect on cells with physiological levels of
the receptor [19,20].

Several methods have been used to assess HER2 status in
BC patients. The Food and Drug administration approved
the Herceptest [21-23], an immunohistochemistry proce-
dure, to monitor ErbB2 protein expression in breast cancer,
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This effect was further increased by G-CSF pretreatment.
Five of nine BC patients showed an increase of Herceptest
score after G-CSF administration. G-CSF treatment
increases ErbB2 expression in vitro and in vivo enhancing
the activity of trastuzumab on BC cell lines inducing
apoptosis of BC cells with low or no ErbB2 genomic
amplification. Anti-Cancer Drugs 19:689-696 © 2008
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and fluorescence in-situ hybridization [24] to determine
HER2 gene copy number. The benefit of trastuzumab is
now proven for patients with Herceptest score 3 + or
HER2 gene amplification [25]. Factors that modify the
ErbB2 protein expression may theoretically change the
responsiveness of BC cells to antibody-based therapy.

Recently, de Alava and coworkers [26] demonstrated that
transmembrane neuregulin expression is frequent in BC
patients and its expression correlate with the response
to trastuzumab-based therapy. Patients without ErbB2
amplification, but with high levels of neuregulin expres-
sion, respond to treatment. These results suggest that
other parameters modulating ErbB2 expression or activa-
tion in the absence of ErbB2 genomic amplification might
be considered to enlarge the spectrum of BC patients
who may benefit from trastuzumab.

We explored the hypothesis that some drugs are able to
modify ErbB2 expression on BC cells. As the most
common grade 3/4 toxicity in patients receiving
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a combination of trastuzumab and docetaxel is neutrope-
nia [27], a considerable fraction of them might need
myelopoietic stimulation by growth factors. For this
reason we considered the effect of granulocyte-colony
stimulating factor (G-CSF) on ErbB2 expression in BC
cell lines and in BC patients. Interestingly, we demon-
strated that G-CSF increases both in-vivo and in-vitro
ErbB2 protein level without affecting BC cell prolifera-
tion in the in-vitro model. Furthermore, G-CSF treat-
ment could induce susceptibility to trastuzumab on
ErbB2 ™ BC cells with no or low genomic amplification,
which are generally not responsive.

Materials and methods

Tumor samples, cell lines, and treatments

The BC cell lines SKBR3, T47D, ZR75.1, MCF7, and
BT474, were maintained in Dulbecco Modified Eagle
Medium (DMEM) (Invitrogen, San Giuliano, Milan,
Italy) with 10% fetal bovine serum (FBS; Celbio, Milan,
[taly). The MCF10A human mammary epithelial im-
mortalized cell line was cultured in 1:1 DMEM/Ham-
F12 plus 10 pg/ml insulin, 5pg/ml transferrin, 0.5 pg/ml
hydrocortisone, and 5ng/ml epidermal growth factor,
supplemented with 5% horse serum. As previously
described, the BC cells used have different levels of
ErbB2 protein expression evaluated using the Herceptest
kit scoring guidelines (score of 0: negative; score 1 +:
weakly positive; score of 2: positive; score of 3 + : strongly
positive) and different HERZ genomic amplification. In
particular, BT474 and SKBR3 cells show high levels of
ErbB2 protein (score 3 + ) and HER2 genomic amplifica-
tion (up to 11 copies), T47D cells show positive ErbB2
protein expression (score 2 + ) with low levels of HER2
amplification (up to four copies), and ZR75.1 cells show
positive ErbB2 protein expression (score 2 +) without
genomic amplification [28-30].

The U937 leukemic cell line was used as a positive
control for G-CSF receptor (G-CSFR) expression. It was
cultured in Iscove Modified Dulbecco’s Medium (Invi-
trogen) with 10% FBS.

To assess the effect of G-CSF on ErbB2 expression, BC
cells (10°/dish) were treated with 50 ng/ml G-CSF for up
to 6 days and then subjected to Herceptest, western blot
analysis, and flow cytometric analysis to quantify the
ErbB2 receptor. For trastuzumab treatment, the cells
were incubated with and without 10 pg/ml of trastuzumab
(Herceptin; Roche Spa, Monza, Italy) and/or 50 ng/ml G-
CSF for up to 6 days and analyzed for growth and
apoptosis. The drug was freshly prepared every time in
the culture medium.

Nine tumor samples from BC specimens that received G-
CSF during adjuvant therapy were analyzed for ErbB2
expression by Herceptest before and after administration

of growth factor. Table 1 summarises the schema of
preoperative adjuvant treatment of selected BC patients.

Immunohistochemistry

Herceptest (Dako) was performed according to the
manufacturer’s instructions to detect ErbB2 expression.
Formalin-fixed cells were spotted onto slides. Epitope
retrieval was performed with Dako Epitope Retrival
Solution (0.01 mol/l citrate buffer, pH 6.0) at 95-99°C for
4 min, followed by a period of 20 min at room tempera-
ture. Endogenous peroxidase was blocked with 3%
hydrogen peroxide for 10 min. The cells were incubated
with primary rabbit polyclonal antibody anti-ErbB2 and
with the polymer visualization reagent for 30 min each.
After development with substrate chromogen solution for
10 min, sections were counterstained with Mayer’s
hematoxylin.

G-CSFR detection was performed on formalin-fixed and
paraffin-embedded tumor samples obtained by surgical
biopsy. Briefly, deparaffinized and rehydrated sections
were incubated with rabbit polyclonal primary antibody
anti-G-CSFR (Santa Cruz Biotechnology, Santa Cruz,
California, USA) for 60 min and then the antibody was
revealed by the DAKO ChemMate detection Kkit.

Western blot analysis

Cells were subjected to lysis with lysis buffer (50 mmol/l
Tris=HCI pH 7.5, 250 mmol/l NaCl, 2 mmol/l ethylene-
diaminetetraacetic acid, 50mmol/l sodium fluoride,
0.1 mmol/l sodium orthovanadate, 0.5% nonidet-P40,
1 mmol/l dithiothreitol, and a cocktail of protease
inhibitors) for 15 min at 4°C and centrifuged at 20 000g
for 15 min. Proteins (10 pg) were electrophoresed on 7.5%
SDS-PAGE and transferred to 0.45-um polyvinylidine
diflouride membranes (Amersham Pharmacia Biotech,
Piscataway, New Jersey, USA). Nonspecific sites were
blocked with 5% nonfat dry milk (BioRad Laboratories,
Munchen, Germany). The membrane was immuno-
blotted with 1pg/ml rabbit polyclonal anti-G-CSFR or
anti-ErbB2 (Santa Cruz Biotechnology) and then with

1 ng/ml  horseradish peroxidase-conjugated secondary
Table 1 Preoperative adjuvant chemotherapy in breast cancer
patients

Patient Regimen

1 TAx 4

2 TAx 4

3 TAXx 4

4 TAx 4

5 ACx 4

6 TAx 4

7 TAXx 4

8 TAx 4

9 FEC x 4

AC, adriamycine and cyclophosphamide; FEC, 5-fluorouracil, epirubicin, and
cyclophosphamide; TA, taxol and adriamycine.
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antirabbit antibody (Amersham) with 1% nonfat dry milk.
Filter was revealed with a chemiluminescence reagent
(Amersham) and exposed to an autoradiography film. For
immunoprecipitation, cell lysates were incubated with
anti-ErbB2 antibody and protein A for 2h on an orbital
rotor at 4°C. The immunocomplexes were spun at
4000 rpm for 3 min and washed four times with ice-cold
lysis buffer. Cell lysates or immunoprecipitated proteins
were subjected to SDS-PAGE and immunoblotted with
antiphosphotyrosine antibody (Santa Cruz Biotechnology).

Quantitative analysis in flow cytometry

We quantified the ErbB2 receptor by flow cytometry
using an immunolabeling standard, represented by beads
coated with a determined amount of antigenic sites
(Qifikit; Dako). The amount of antigen was expressed as
the antibody-binding capacity and this gives informa-
tion about the antigen density. Briefly, 2 x 10° cells were
labeled with primary mouse monoclonal antibody anti-
ErbB2 (Santa Cruz Biotechnology). In a separate tube,
cells were labeled with irrelevant mouse monoclonal
antibody. Then, cells and set-up beads and calibration
beads of the kit were labeled, in parallel, with fluor-
escein-conjugated antimouse secondary antibody. Sam-
ples were analyzed by flow cytometer FACS Vantage
(Becton Dickinson, San Jose, California, USA) and the
antibody-binding capacity was calculated based on the
equation of the calibration curve following the manufac-
turer’s instructions.

Growth in soft agar

Approximately 10* cells/well were suspended in DMEM
containing 5% (FBS) and 0.5% SeaPlaque agarose (BMA,
Rockland, Maine, USA) and then overlaid with 1%
agarose. The cells were treated with trastuzumab alone
and/or with G-CSE After 14 days, the cells were stained
with nitro blue tetrazolium (Sigma) and colonies were
counted. All experiments were performed in triplicate.

In-situ tunel assay

For apoptosis detection, we used Tunel technology based
on labeling of DNA strand breaks (In-situ Cell Death
Detection kit, POD; Roche Diagnostics, Mannheim,
Germany). Briefly, formalin-fixed cells were rehydrated
and treated with 0.2 pg/ml proteinase K (Sigma) for
5-8min at room temperature and rinsed with 'Tris
ethylenediaminetetraacetic acid buffer. Endogenous per-
oxidase was blocked with 0.3% hydrogen peroxide for
10min and the cells were washed with terminal
desoxynucleotidyl transferase buffer for 5 min. Cells were
permeabilized in 0.1% 'Triton X-100 and 0.1% sodium
citrate for 2 min on ice (4°C). They were rinsed with PBS
and incubated with the labeling-reaction mixture con-
taining fluorescein-labeled nucleotides and terminal
desoxynucleotidyl transferase in a humidified chamber
for 1 h at 37°C. Slides were rinsed with PBS and treated
with antifluorescein antibody conjugated with peroxidase

for 30 min at 37°C in a humidified chamber. After
washing, diaminobenzidine (Sigma) was used for visuali-
zation. Counterstaining was performed with hematoxylin.

Statistical analysis

For receptor quantification, cell growth in soft agar, and
apoptosis, statistical comparison of mean values was
performed using the Student’s s-test (paired and
unpaired). All P values are two tailed with a significance
of P <0.05.

Results

Granulocyte-colony stimulating factor receptor
expression on breast cancer cell lines and

primary tumors

G-CSFR protein expression was determined by western
blot analysis on BC cell lines, BT474, SKBR3, ZR75.1,
T47D, MCF7, and MCF10A. All these cell lines express
G-CSFR at different levels (data not shown). The cell
surface distribution of G-CSFR was evaluated by
immunohistochemistry on 10 formalin-fixed, paraffin-
embedded breast tumor samples obtained after surgical
operation. The G-CSFR was detected on all samples at

Fig. 1

Representative granulocyte-colony stimulating factor receptor
(G-CSFR) immunostainings of breast tumors. Formalin-fixed and
paraffin-embedded tumor samples were stained with anti G-CSFR
and counterstained with Mayer's hematoxylin. U937 cells were
used as positive control (PC) for G-CSFR expression. BC1-BC4:
samples of primary breast cancer.
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different levels of expression. Representative G-CSFR
immunostainings are shown in Fig. 1.

Granulocyte-colony stimulating factor increases in-vitro
and in-vivo ErbB2 expression without affecting
proliferation of breast cancer cell lines

We examined the effect of G-CSF on ErbB2 protein
expression in BC cells. Cell exposure to G-CSF induced
an increase of ErbB2 receptor in SKBR3, ZR75.1, and
T47D cells as demonstrated by Herceptest (Fig. 2). This
increment was not detectable on BT474 cells that already
expressed a high level of ErbB2 protein. The upregulation
of ErbB2 was evident after 1 day of G-CSF exposure with
a pick after 3 days (data not shown). The MCF7 cell line
with Herceptest score 1+ and the MCF-10A, an ErbB2
negative cell line, did not change their HER2 status upon
G-CSF stimulation (data not shown). The increase of
ErbB2 level was confirmed on SKBR3, ZR75.1, and T47D
cells by western blot analysis (Fig. 3a). By contrast,
tyrosine phosphorylation of ErbB2, observed by immuno-
precipitation and immunoblotting, was not modified
upon G-CSF treatment (data not shown). To better
quantify the degree of ErbB2 modulation, we performed

Fig. 2

Without G-CSF for 6 days With G-CSF for 6 days

SKBR3

BT474

ZR75

T47D

Representative Herceptest on breast cancer cell lines treated with
granulocyte-colony stimulating factor (G-CSF). Breast cancer cell lines
were cultured with or without 50 ng/ml G-CSF for 6 days. Cells were
then fixed and immunostained with anti-ErbB2 antibody following
Herceptest kit procedure.

a quantitative cytometric analysis on G-CSF-treated cells.
As demonstrated in Fig. 3b, the number of ErbB2
receptors per cell increased to 9, 25, and 15% on SKBR3,
ZR75, and T47D cells, respectively, after G-CSF treat-
ment. These differences were statistically significant
(P <0.05).

Several studies have shown that ErbB2 overexpression
enhances tumor cell growth and correlates with a poor
prognosis [3,14,31-33]. To assess whether the G-CSF-
dependent ErbB2 modulation correlates with an increase
in tumor cell growth, we performed a soft agar assay on
G-CSF-treated cells. No significant increase of cell
growth was found upon G-CSF treatment in cell lines
in which G-CSF treatment upregulates ErbB2 expression
(Fig. 4).

G-CSF 1s commonly administrated to patients after
chemotherapy to increase their neutrophil counts and

Fig. 3
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Western blot analysis on granulocyte-colony stimulating factor (G-CSF)
treated breast cancer cells (a). Cells were cultured with (+) or without
(—) 50 ng/ml G-CSF for 6 days. After protein extraction, ErbB2 (p185)
and B-actin (as control for total protein content) immunoblotting was
done. ErbB2 quantitative cytometric analysis (b). Breast cancer cells
were cultured in the absence (NT) and presence (G-CSF) of 50 ng/ml
G-CSF for 6 days and the number of receptors that corresponds to the
antibody-binding capacity was calculated as described in Materials and
Methods section. *P<0.05 compared with not treated (NT) cells.
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Effects of granulocyte-colony stimulating factor (G-CSF) alone and in
combination with trastuzumab on the growth of breast cancer cell lines:
Breast cancer cells, resuspended in 0.5% SeaPlaque agarose
containing Dulbecco Modified Eagle Medium (DMEM) plus 10% FCS,
were overlaid on 1% agarose and incubated at the indicated culture
conditions: cells cultured in the presence of DMEM plus 10% FCS
(NT) added with 50 ng/ml G-CSF (G-CSF), or with 10 ug/ml
trastuzumab (trastuzumab) or with the combination of either (G-CSF +
trastuzumab). Colony number grown in soft agar was counted after
14 days. *P<0.05 compared with not treated (NT) cells.

Table 2 Herceptest scoring in breast cancer patients before and
after G-CSF treatment

G-CSF before Herceptest before G-CSF Herceptest after G-CSF

surgical treatment (scoring and treatment (scoring and
treatment percentage of positive percentage of positive

Patient (months) cells) cells)

1 2 0 0

2 1 3+ 3+

3 3 0 2+ (10%)

4 5 2+ (20%) 3+ (60%)

5 3 3+ 3+

6 2 3+ 3+

7 3 (o] 1+

8 2 0 1+

9 2 2+ (20%) 2+ (60%)

G-CSF, granulocyte-colony stimulating factor.

protect them from infection. We selected nine BC
patients who received systemic administration of granu-
lokine in their management for neutropenia treatment
and we analyzed the ErbB2 expression before and after
administration. An increase of ErbB2 expression, deter-
mined by Herceptest, was observed in 5/9 (55.5%)
patients in terms of increase of score and percentage of
ErbB2-positive cells (Table 2 and Fig. 5).

Effect of trastuzumab and granulocyte-colony
stimulating factor on breast cancer cell growth

The results described above show that the amount of
ErbB2 protein available on the surface of the BC cell lines

Representative in-vivo increase of ErbB2 expression on breast cancer
patient. Herceptest was performed in formalin-fixed tumor samples
before (a, score 2+) and after (b, score 3 +) granulocyte-colony
stimulating factor administration.

can be increased by G-CSF treatment. Several studies
demonstrated that trastuzumab causes growth inhibition
on ErbB2 overexpressing BC cells [19].

To determine whether the increase of ErbB2 owing to
G-CSF enhances the antiproliferative effect of trastuzu-
mab or induces activity of trastuzumab on ErbBZ non-
overexpressing cell lines, BC cells were subjected to an
anchorage-independent growth assay. As shown in Fig. 4,
trastuzumab was effective on ErbB2 overexpressing
SKBR3 cell line (score 3 + with gene amplification) as
a single agent and its antitumor activity was weakly
enhanced in combination with G-CSE

Trastuzumab alone was not effective on ErbB2 over-
expressing T47D cell line (score 2+ with low level
gene amplification) and on ZR75.1 cells (ErbB2 score
2+ without gene amplification). Interestingly, the
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combination of G-CSF plus trastuzumab inhibits ZR75.1
and T47D colony formation in soft agar (P <0.05 for
T47D cells).

Effect of trastuzumab and granulocyte-colony
stimulating factor on breast cancer cell apoptosis

We analyzed whether the G-CSF treatment modulates
apoptosis on BC cells treated with trastuzumab for 3 days.
G-CSF alone did not induce apoptosis on BC cells after
a 6-day treatment (Fig. 6a). On SKBR3 cells, trastuzumab
alone did not induce apoptosis (data not shown),
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Trastuzumab in the presence of granulocyte-colony stimulating factor
(G-CSF) induces apoptosis on breast cancer cells (panel a). T47D and
ZR75.1 cells were treated with G-CSF alone for 6 days (6G), with
trastuzumab alone for 3 days (3T), or with the combination of G-CSF
and trastuzumab (3G +T), and with G-CSF for 3 days followed by the
association of G-CSF and trastuzumab for another 3 days (3G/3G +T).
NT, not treated cells maintained in culture in the presence of medium
and 10% FBS for 6 days. Representative experiment of apoptosis
induction on breast cancer cells (panel b). T47D (a) and ZR75.1 (c)
cells maintained in the presence of 10% FBS; T47D (b) and ZR75.1
(d) cells treated with G-CSF for 3 days and then with the combination
of G-CSF and trastuzumab for another 3 days. Cells were fixed with
formalin and analyzed for apoptosis using in-situ TUNEL protocol as
described in Materials and Methods section.

confirming the results of other authors that have shown
that growth inhibition induced by trastuzumab on this
cell line 2 vitro is not owing to the induction of apoptosis,
but the cell cycle arrest at G1 stage [19,20]. This effect
on SKBR3 cells was not modified by the G-CSF addiction
or by the G-CSF pretreatment.

On T47D and ZR75.1 cells, trastuzumab plus G-CSF
induced apoptosis, and this effect was more prominent
after G-CSF pretreatment (Fig. 6). The percentage of
apoptotic cells was significantly increased (17.6% * 6.2)
on T47D treated simultaneously with G-CSF in combi-
nation with trastuzumab (3G +T), compared with
trastuzumab alone (3T) (2.3% %= 0.4) (P =0.04). Cells
have been also pretreated with the growth factor for
3 days before receiving the combination of G-CSF and
trastuzumab for another 3 days (3G/3G + T) enhancing
the proapoptotic effect (Fig. 6a and b). This enhance-
ment is more evident on T47D cells compared with
ZR75.1.

Discussion

Trastuzumab, an anti-ErbB2 monoclonal antibody, has in-
vitro and in-vivo antitumor activity against ErbB2 over-
expressing BC cells. Trastuzumab exerts its effect by
growth reduction in BC cells with ErbB2 overexpression
sustained by genomic amplification. In cells with low
level of ErbB2 amplification, growth reduction is evident
at very high doses of drug. By contrast, cells without Erb2
amplification are resistant to trastuzumab [29]. Identifi-
cation of molecules able to modulate the ErbB2 expres-
sion on breast cancers with low level of the receptor
might increase the efficacy of trastuzumab treatment.

In this study we demonstrated that G-CSE a hemopoietic
growth factor largely used in BC patient management, is
able to increase the number of ErbB2 receptors per cell
on BC cell lines with different levels of ErbB2 amplifi-
cation and surface expression. The increase was more
pronounced in cells with low or no ErbB2 genomic
amplification. Namely, in ZR75.1, a cell line that does not
present ErbZ genomic amplification, the increase was
25%; in T47D that presents low levels of HER2
amplification (up to four copies) it was 15%; and in
SKBR3 cell line with high levels of HERZ genomic
amplification (up to 11 copies) it was 9%. The increase of
ErbB2 expression was also revealed in 55.5% of BC
patients treated with G-CSF in which a modification of
Herceptest score was observed comparing the tumor
sample before and after growth factor administration.

It has been demonstrated that the molecular basis of
ErbB2 overexpression on BC cells at the transcriptional
level involves AP-2 and Ets family transcription factors
[34-36]. The mechanism involved in ErbB2 modulation
by G-CSF is not clear. G-CSF activates the JAK-STAT and
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the Ras pathways. The activation of Ras initiates an
intracellular kinase cascade, consisting of Raf, MEK, and
ERK kinase [37-40], which leads to the phosphorylation
of transcription factors, such as Ets proteins. Among
them, the Ets transcription factor Er81 regulates the
ErbB2 promoter activity [41]. We could speculate that
the activation of the Ras pathway by G-CSF could induce
the activation of proteins involved in ErbB2 transcription.
Ongoing studies will help us to understand the relation
between these two receptors.

ErbB2 overexpression has an important role in the
network of cell signals controlling cell growth [42].
Potentially, enhancing ErbB2 expression may create a
proliferative advantage and increase tumor aggressive-
ness. However, we demonstrated that G-CSF did not
induce a significant increase in anchorage-independent
cell growth. In-vitro studies demonstrated that in the
SKBR3 cell line overexpressing ErbB2 with high level of
genomic amplification, 20% of cell growth inhibition is
obtained with 1pg/ml, whereas in the ErbB2 over-
expressing cells with low genomic amplification the
inhibition is obtained only at high doses of trastuzumab
(up to 100 pg/ml); on HERZ nonamplified cell lines 20%
growth inhibition is reached only with 500 pg/ml [29]. We
raised the hypothesis that the increase of ErbB2 levels
produced by G-CSF administration might induce sensi-
tivity to trastuzumab in resistant BC cells with low level
of ErbB2 genomic amplification or enhance the antitumor
activity of trastuzumab in ErbBZ overexpressing cells.
Hence, we analyzed the effect of combination of G-CSF
and trastuzumab on tumor growth and apoptosis in BC
cell lines with different HERZ2 status. We provide
evidence that a simultaneous treatment with trastuzu-
mab and G-CSF permitted less colony formation in soft
agar compared with no treatment or treatment with
trastuzumab alone. The growth inhibitory effect was
statistically significant on the T47D cell line, and a trend
toward a decrease of colony formation was also evident on
ZR75.1 cells that are considered trastuzumab resistant.
Moreover, the administration of G-CSF in combination
with trastuzumab induced apoptosis on T47D and
ZR75.1 cell lines. On T47D cells, G-CSF pretreatment
for 3 days followed by a combination of the two drugs
produced up to 17% of apoptotic cells. We could explain
these results by assuming that the growth factor
treatment allows resistant cells to become trastuzumab
sensitive probably by increasing the level of ErbB2
receptor. Cell surface ErbB2 expression upon G-CSF
administration might exceed a cutoff level, over which
trastuzumab is able to exert its antitumor effect.

In conclusion, taken together, our results indicate that
G-CSF treatment might allow the extension of the
trastuzumab antitumor activity to generally unresponsive
BC cells and the potential consequences of G-CSF
in-vivo administration should be further investigated.

Acknowledgements
The authors thank Dr Radhika Srinivasan, PhD, for her
careful editorial assistance.

This work was supported by grants from Associazione
Italiana per la Ricerca sul Cancro (AIRC, Milan, Italy)
and Ministero dell’Istruzione, dell’Universita e della
Ricerca (MIUR; Ricerca sanitaria finalizzata 2003; and
to G.C., WP, and M.A)).

References

1 Yamamoto T, lkawa S, Akiyama T, Semba K, Nomura N, Miyajima N, et al.
Similarity of protein encoded by the human c-erbB-2 gene to epidermal
growth factor. Nature 1986; 319:230-234.

2 Bargmann CI, Hung MC, Weinberg RA. The Neu oncogene encodes an
epidermal growth factor related protein. Nature 1986; 319:226-230.

3 Slamon DJ, Clark GM, Wong SG, Levin WJ, Ullrich A, McGuire WL. Human
breast cancer: correlation of relapse and survival with amplification of the
HER-2/neu oncogene. Science 1987; 235:177-183.

4 Slamon DJ, Godolphin W, Jones LA, Holt JA, Wong SG, Keith DE, et al.
Studies of the HER2/neu proto-oncogene in human breast and ovarian
cancer. Science 1989; 244:707-712.

5 YuD,lJing T, Liu B, Jao J, Tan M, McDonnell TJ, et al. Overexpression of
ErbB2 blocks Taxol-induced apoptosis by upregulation of p21Cip1, which
inhibits p84Cdc2 kinase. Mo/ Cell 1998; 2:581-591.

6 YuD, Liu B, Jing T, Sun D, Price JE, Singletary SE, et al. Overexpression of
both p185 c-erB2 and p170mdr-1 renders breast cancer cells highly
resistant to taxol. Oncogene 1998; 16:2087-2094.

7 Pegram MD, Finn RS, Arzoo K, Beryt M, Pietras RJ, Slamon DJ. The effect of
HER-2/neu overexpression on chemotherapeutic drug sensitivity in human
breast and ovarian cancer cells. Oncogene 1997; 15:537-547.

8 Hudziak RM, Lewis GD, Winget M, Fendly BM, Shepard HM, Ulrich A.
p185HER2 monoclonal antibody has antiproliferative effects in vitro and
sensitizes human breast tumor cells to tumor necrosis factor. Mol Cell Biol
1989; 9:1165-1172.

9 Carter P, Presta L, Gorman CM, Ridgway JB, Henner D, Wong WL, et al.
Humanization of an anti-p185HER2 antibody for human cancer therapy.
Proc Natl Acad Sci U S A 1992; 89:4285-4289.

10 Baselga J, Tripathy D, Mendelsohn J, Baughman S, Benz CC, Dantis L, et al.
Phase Il study of weekly intravenous recombinant humanized anti-
p185HER2 monoclonal antibody in patients with HER2/neu-overexpressing
metastatic breast cancer. J Clin Oncol 1996; 14:737-744.

11 Baselga J, Norton L, Albanell J, Kim YM, Mendelson J. Recombinant
humanized anti-HER2 antibody (Herceptin) enhances the antitumor activity
of paclitaxel and doxorubicin against HER2/neu overexpressing human
breast cancer xenografts. Cancer Res 1998; 58:2825-2831.

12 Burstein HJ, Kuter I, Campos SM, Gelman RS, Tribou L, Parker LM,
et al. Clinical activity of trastuzumab and vinorelbine in women with
HER2-overexpressing metastatic breast cancer. J Clin Oncol 2001;
19:2722-2730.

13 Burstein HJ, Harris LN, Marcom PK, Lambert-Falls R, Havlin K, Overmoyer B,
et al. Trastuzumab and vinorelbine as first-line therapy for HER2-
overexpressing metastatic breast cancer: multicenter phase Il trial with
clinical outcomes, analysis of serum tumor markers as predictive factors, and
cardiac surveillance algorithm. J Clin Oncol 2003; 21:2889-2895.

14 Cobleigh MA, Vogel CL, Tripathy D, Robert NJ, Scholl S, Fehrenbacher L,
et al. Multinational study of the efficacy and safety of humanized anti-HER2
monoclonal antibody in women who have HER2-overexpressing metastatic
breast cancer that has progressed after chemotherapy for metastatic
disease. J Clin Oncol 1999; 17:2639-2648.

15 Pegram MD, Lipton A, Hayes DF, Waber BL, Baselga JM, Tripathy D, et al.
Phase Il study of receptor-enhanced chemosensitivity using recombinant
humanized anti-p185HER2/neu monoclonal antibody plus cisplatin in
patients with HER2/neu-overexpressing metastatic breast cancer refractory
to chemotherapy treatment. J Clin Oncol 1998; 16:2659-2671.

16 Pegram MD, Slamon DJ. Combination therapy with trastuzumab (Herceptin)
and cisplatin for chemoresistant metastatic breast cancer: evidence for
receptor-enhanced chemosensitivity. Semin Oncol 1999; 26:89-95.

17 Winer EP, Burstein HJ. New combinations with Herceptin in metastatic
breast cancer. Oncology 2001; 2:50-57.

18 Slamon DJ, Leyland-Jones B, Shak S, Fuchs H, Paton V, Bajamonde A, et al.
Use of chemotherapy plus a monoclonal antibody against HER2 for

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



696 Anti-Cancer Drugs 2008, Vol 19 No 7

20

21

22

23

24

25

26

27

28

29

metastatic breast cancer that overexpresses HER2. N Engl/ J Med 2001;
344:783-792.

Baselga J, Albanell J, Molina MA, Arribas J. Mechanism of action of
Trastuzumab and scientific Update. Semin Oncol 2001; 28:4—-11.

Cuello M, Ettenberg SA, Clark AS, Keane MM, Posner RH, Nau MMD, et al.
Down-regulation of the erbB2-receptor by Trastuzumab (Herceptin)
enhances tumor necrosis factor-related apoptosis-inducing ligand-mediated
apoptosis in breast and ovarian cancer cell lines that overexpress erbB2.
Cancer Res 2001; 61:4892-4900.

Espinoza F, Anguiano A. The HercepTest assay: another perspective. J Clin
Oncol 1999; 17:2293-2294.

Jacobs TW, Gown AM, Yaziji H, Barnes MJ, Schnitt SJ. Specificity of
HercepTest in determining HER-2/neu status of breast cancers using the
United States Food and Drug Administration-approved scoring system.

J Clin Oncol 1999; 17:1983-1987.

Roche PC, Ingle JN. Increased HER2 with U.S. Food and Drug
Administration-approved antibody. J Clin Oncol 1999; 17:434.

Pauletti G, Godolphin W, Press MF, Slamon DJ. Detection and quantitation
of HER2/neu gene amplification in human breast cancer archival material
using fluorescence in situ hybridization. Oncogene 1996; 13:63-72.
Vogel C, Cobleigh MA, Tripathy D, Gutheil JC, Harris LN, Fehrenbacher L,
et al. Efficacy and safety of Trastuzumab as a single agent in first line
treatment of HER2-overexpressing metastatic breast cancer. J Clin Oncol
2002; 20:719-726.

de Alava E, Ocana A, Abad M, Montero JC, Esparis-Ogando A,

Rodriguez CA, et al. Neuregulin expression modulates clinical response to
Trastuzumab in patients with metastatic breast cancer. J Clin Oncol 2007;
25:2656-2663.

Montemurro F, Choa G, Faggiuolo R, Donadio M, Minischetti M, Durando A,
et al. A phase |l study of three-weekly docetaxel and weekly trastuzumab in
HER2-overexpressing advanced breast. Oncology 2004; 66:38-45.
Millson A, Suli A, Hartung L, Kunitake S, Bennett A, Nordberg MC, et al.
Comparison of two quantitative polymerase chain reaction methods for
detecting HER2/neu amplification. J Mol Diagn 2003; 5:184-190.
Kauraniemi P, Hautaniemi S, Autio R, Astola J, Monni O, Elkahloun A, et al.
Effects of Herceptin treatment on global gene expression patterns in HER2-

30

31

32

33

34

35

36

37

38

39

40
41

42

amplified and nonamplified breast cancer cell lines. Oncogene 2004;
23:1010-1013.

Sestini R, Orlando C, Zentilin L, Lami D, Gelmini S, Pinzani P, et al. Gene
amplification for c-erbB-2, c-myc, epidermal growth factor receptor, int-2,
and N-myc measured by quantitative PCR with a multiple competitor
template. Clin Chem 1995; 41:826-832.

Ross JS, Fletcher JA. The HER2/neu oncogene in breast cancer:
prognostic factor, predictive factor, and target for therapy. Stem Cells 1998;
16:413-428.

Yu D, Wang SS, Dulski KM, Tsai CM, Nicolson GL, Hung MC. c-erbB-2/neu
overexpression enhances metastatic potential of human lung cancer cells by
induction of metastasis-associated properties. Cancer Res 1994;
54:3260-3266.

Tan M, Yao J, Yu D. Overexpression of the c-erbB-2 gene enhanced intrinsic
metastasis potential in human breast cancer cells without increasing their
transformation abilities. Cancer Res 1997; 57:1199-1205.

Bosher JM, Totty NF, Hsuan JJ, Williams T, Hurst HC. A family of AP-2
proteins regulates c-erbB-2 expression in mammary carcinoma. Oncogene
1996; 13:1701-1707.

Vernimmer D, Begon D, Salvador C, Gofflot S, Grooteclaes M, Winkler R.
Identification of HTF (HER2 transcription factor) as an AP-2 (activator
protein-2) transcription factor and contribution of the HTF binding site to
ERBB2 gene overexpression. Biochem J 2003; 15:323-329.

Scott GK, Chang CH, Ery KM, Xu F, Fredericks WJ, Rauscher FJ 3rd, et al.
Ets regulation of the erbB2 promoter. Oncogene 2000; 18:6490-6502.
Kishimoto T, Taga T, Akira S. Cytokine signal transduction. Cell 1994;
76:253-262.

Ihle JN, Kerr IM. Jaks and Stats in signaling by the cytokine receptor super
family. Trends Genet 1995; 11:69-74.

Taniguchi T. Cytokine signaling through nonreceptor protein tyrosine
kinases. Science 1995; 268:251-255.

Ihle JN. Cytokine receptor signaling. Nature 1995; 377:591-594.

Bosc DG, Janknecht R. Regulation of Her2/neu promoter activity by the ETS
transcription factor, ER81. J Cell Biochem 2002; 86:174—183.

Neve R, Lane HA, Hynes NE. The role of overexpressed HER2 in
transformation. Ann Oncol 2001; 12 (Suppl):S9-S13.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



