
European
www.ejconline.com

European Journal of Cancer 41 (2005) 1349–1361

Journal of

Cancer
Prognostic and therapeutic relevance of HER2 expression
in osteosarcoma and Ewing�s sarcoma

Katia Scotlandi a,*, Maria C. Manara a, Claudia M. Hattinger a, Stefania Benini a,
Stefania Perdichizzi a, Michela Pasello a, Gaetano Bacci b, Licciana Zanella c,

Franco Bertoni c, Piero Picci a, Massimo Serra a

a Laboratorio di Ricerca Oncologica, Istituti Ortopedici Rizzoli, Via di Barbiano 1/10, 40136 Bologna, Italy
b Servizio di Chemioterapia, Istituti Ortopedici Rizzoli, 40136 Bologna, Italy

c Servizio di Anatomia Patologica, Istituti Ortopedici Rizzoli, 40136 Bologna, Italy

Received 29 November 2004; received in revised form 2 March 2005; accepted 4 March 2005

Available online 23 May 2005
Abstract

Expression of HER2 was evaluated by immunohistochemical techniques in 84 osteosarcoma (OS) and 113 Ewing�s sarcoma (ES)

paraffin-embedded tumour biopsies. HER2 gene status was also assessed in a panel of cell lines as well as in vitro efficacy of trast-

uzumab (a humanised antibody directed against HER2) as single agent or in combination with the insulin-like growth factor I recep-

tor (IGF-IR) IR3 antibody. Overexpression of HER2 was present in 32% of OS and 16% of ES and was significantly associated with

the increased expression of P-glycoprotein, a surface molecule responsible for multidrug resistance. Event-free survival analyses

revealed a prognostic value for HER2 and/or P-glycoprotein expression in OS, but not in ES. However, despite its prognostic rel-

evance, no therapeutic effectiveness was observed pre-clinically for trastuzumab-driven therapy, in both OS or ES cell lines, unless

the antibody was associated with anti-IGF-IR targeting strategies. Therefore, the therapeutic potential of trastuzumab in these neo-

plasms may be better exploited in combined treatments with anti-IGF-IR approaches.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The human epidermal growth factor receptor-2

(HER2) proto-oncogene (also known as HER2 neu or

c-erbB-2) is located at 17q21 and encodes a 185-kDa

transmembrane tyrosine kinase glycoprotein with exten-

sive homology to the epidermal growth factor receptor

[1–3]. Overexpression of HER2 gene has been found to
correlate with poor prognosis in a variety of human car-

cinomas, such as breast, ovarian, and lung cancers [4,5].

In some of these tumours, enhanced expression of
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HER2 has been associated with increased tumourigenic-

ity and metastatic potential [6,7] or with resistance to

chemotherapeutic agents [8,9]. In musculo-skeletal tu-

mours, expression of HER2 at diagnosis has been ana-

lysed in soft-tissue sarcomas [10–12] and among bone

neoplasms in Ewing�s sarcoma (ES) [13,14] and osteo-

sarcoma (OS) [15–21]. However, there is still a lack of

general consensus regarding the possible prognostic im-
pact of this marker in musculo-skeletal tumours, and it

is still not clear whether HER2 may act jointly with

other clinicopathological parameters to influence re-

sponse to chemotherapy or clinical outcome.

In ES, HER2 has been evaluated by immunohisto-

chemistry in a small series of clinical samples [13,14]

or in few cell lines [22,23] and its biological relevance
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in this neoplasm remains to be clarified. More, but con-

flicting data, has been reported for OS. The presence of

HER2 protein at diagnosis by immunohistochemical

analysis has been found to correlate with worse clinical

outcome [20] and is also associated with poor histologi-

cal response to chemotherapy [15,16]. However, these
findings have been recently questioned by other reports,

which did not show any correlation between HER2

expression and poor treatment response. In some cases

worse prognosis was not demonstrated [17,19] and one

study even indicated a positive association between in-

creased levels of HER2 and improved survival [18].

The purpose of this study was to investigate if the

immunohistochemical detection of HER2 protein at
diagnosis may identify high-risk groups of ES or OS

patients by predicting clinical outcome. Moreover,

on the basis of the suggested involvement of HER2

in resistance to chemotherapeutic agents, we also ana-

lysed the possible relationship between the expression

of HER2 and the MDR-1 gene product P-glycopro-

tein, which is a well established adverse prognostic

marker in OS [24–27]. Finally, we used a panel of hu-
man ES and OS cell lines to further analyse the status

of HER2 gene in these tumour cells and to pre-clini-

cally evaluate the effectiveness of HER2-tailored treat-

ments, in order to determine whether this marker may

be considered a possible new therapeutic target for

these neoplasms.
2. Materials and methods

2.1. Patient eligibility and treatment protocols

The ES series included 283 patients who were referred

to the Rizzoli Institute in Bologna (Italy) and entered

into the REN-1, REN-2 or REN-3 neoadjuvant chemo-

therapy protocols. The inclusion criteria for these che-

motherapy regimens were: primary tumour localised to

the bone, younger than 40 years old, absence of metas-

tases at diagnosis and no prior chemotherapy or surgical

treatment for bone lesions. Patients were treated with
pre- and post-operative chemotherapy according to the

protocols mentioned above with minor modifications

[28]. The local treatment consisted of surgery only, sur-

gery followed by radiation therapy (combined treat-

ment) or radiation therapy only. Histological response

to chemotherapy was graded according to the classifica-

tion of Picci and colleagues [29] as follows: grade I, mac-

roscopic foci of viable tumour cells; grade II, isolated
microscopic nodules of viable tumour cells and grade

III, no presence of viable tumour cells. The extent of tu-

mour necrosis was defined as total for grade III speci-

mens and as non-total for grade I and II specimens.

The OS series included 154 patients who were re-

ferred to the Rizzoli Institute and entered in the IOR/
OS-3a or IOR/OS-3b neoadjuvant chemotherapy proto-

cols [30]. The inclusion criteria were: high-grade OS of

the extremities, younger than 40 years of age, absence

of metastases at the time of diagnosis, and no prior che-

motherapy or surgical treatment for bone lesions.

According to these protocols, patients were treated with
pre-operative chemotherapy based on two cycles of

high-dose methotrexate (10 g/m2 in IOR/OS-3a and

12 g/m2 in IOR/OS-3b) followed by a combination of

cisplatin (120 mg/m2) and doxorubicin (60 mg/m2). On

the basis of tumour necrosis evaluation after pre-opera-

tive chemotherapy, a good histological response was

considered when the extent of tumour necrosis was

90% or greater. Post-operative chemotherapy used the
same drugs as the pre-operative phase, with the addition

of 10 g/m2 ifosfamide for patients with poor histological

response in IOR/OS-3a or for all patients in IOR/OS-3b

protocol.

After surgery, both ES and OS patient specimens

were evaluated in order to define the surgical margins

and extent of viable tumour, which survived pre-opera-

tive chemotherapy. Radical or wide surgical margins
were considered as adequate, whereas marginal or int-

ralesional margins were classified as inadequate. Tu-

mour volume was evaluated on CT-scans taken at the

time of diagnosis as previously described [30]. According

to volume, tumours were classified in two groups by

using as cut-off the median value of 120 ml for ES or

150 ml indicated by the Cooperative Osteosarcoma

Study Group (COSS) for OS [31]. After demission, pa-
tients were continuously followed and clinical data up-

dated. Adverse events were defined as recurrence of

the tumour at any site or death during remission.

Event-free survival was calculated from the date of ini-

tial diagnosis.

2.2. Immunohistochemistry

All tumour tissue samples analysed by immunohisto-

chemistry were obtained from biopsy specimens of un-

treated ES or OS patients. Immunohistochemical

analysis for HER2 protein was performed on decalci-
fied, paraffin-embedded samples of 113 ES and 84 OS.

Among these, 87/113 ES and 80/84 OS were also ana-

lysed for P-glycoprotein presence. Expression of HER2

protein was assessed with two different monoclonal anti-

bodies: 3B5 (1:900 dilution; BD Pharmingen, San Diego,

CA) and CB11 (1:50 dilution; Novocastra, Newcastle,

UK). In 43 cases of OS, expression of HER2 protein

was also analysed with the Food and Drug Administra-
tion (FDA)-approved HercepTest� kit (Dako Corp,

Carpinteria, CA), according to the manufacturer�s
instructions. Expression of P-glycoprotein was assessed

with three monoclonal antibodies, which react with dif-

ferent, mutually exclusive epitopes of this protein: JSB-1

(12.5 lg/ml; Sanbio, Uden, The Netherlands), MRK16
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(0.003 lg/ml; Kamiya Biomedical, Thousand Oaks, CA)

and C494 (0.2 lg/ml; Signet Laboratories, Dedham,

MA). Immunohistochemistry for both HER2 and P-gly-

coprotein was performed on 4–6 lm paraffin-embedded

tumour sections by using an avidin-biotin peroxidase

complex method (Vectastain ABC kit; Vector Laborato-
ries, Burlinghame, CA, USA), as previously described

[27]. For immunohistochemical detection of HER2 pro-

tein, sections were pre-treated with a citrate buffer solu-

tion (0.01 M citric acid and 0.01 M sodium citrate, pH

6.0) in a microwave oven at 750 W for three cycles of

5 min each. This treatment ensured antigen retrieval

from the samples. For each specimen, both negative

and positive controls for immunostaining were per-
formed. In negative controls, the primary antibody

was replaced with normal horse serum. Positive controls

for HER2 included sections of one case of human breast

cancer with amplified HER2 and sections of normal kid-

ney were used as positive control for P-glycoprotein

expression. An additional positive control was also in-

cluded for antigenicity of the tumour specimen by incu-

bating it with the V9 anti-vimentin monoclonal
antibody (Roche Molecular Biochemicals, Mannheim,

Germany). Two independent blind investigators then

scored the samples separately. For HER2, only speci-

mens with more than 25% highly (+++) or moderately

(++) positive cells were classified as positive. For P-gly-

coprotein, only samples with diffused immunostaining

were classified as positive. Determinations of specimens

that showed discrepancy between the different antibod-
ies were repeated, and cases were classified on the basis

of the most frequently recurring degree of

immunostaining.

2.3. Cell lines

A panel of 12 human ES and 13 human OS cell lines

were analysed. The ES cell lines SK-ES-1, RD-ES and
SK-N-MC, the OS cell lines SaoS-2, U-2 OS and

MG63, the human breast cancer cell line SK-BR-3 and

the human ovarian cancer cell line SK-OV-3 were all ob-

tained from the American Type Collection (Rockville,

MD). The ES cell lines TC-71 and 6647 were kindly pro-

vided by T.J. Triche (Children�s Hospital, Los Angeles,

CA). All other ES sarcoma- (LAP-35, IOR/BRZ, IOR/

CAR, IOR/NGR, IOR/BER, IOR/RCH, IOR/CLB)
and OS cell lines (SARG, IOR/MOS, IOR/OS7, IOR/

OS9, IOR/OS10, IOR/OS14, IOR/OS15, IOR/OS17,

IOR/OS18, IOR/OS20) were established at the Labora-

torio di Ricerca Oncologica, Istituti Ortopedici Rizzoli,

(Bologna, Italy) and previously characterised [32,33]. All

cell lines were routinely cultured in Iscove�s modified

Dulbecco�s medium (IMDM) supplemented with 20 U/

ml penicillin, 100 lg/ml streptomycin (SIGMA, St.
Louis, MO), and 10% heat-inactivated fetal bovine ser-

um (FBS) (Biowhittaker Europe, Verviers, Belgium)
and maintained at 37 �C in a humidified 5% CO2

atmosphere.

We also used transfected clones of the TC-71 ES cell

line, which showed impaired insulin-like growth factor I

receptor (IGF-IR) functions [34,35]. These cells were

cultured in IMDM plus 10% FBS plus 500 lg/ml G418
(SIGMA Chemical Co, St. Louis, MO) to maintain sta-

ble transfectants. For TC-71 clones transfected with

IGF-IR antisense expressing plasmid, cells were main-

tained at 39.6 �C for 72 h, a temperature reported to in-

duce the expression of sense and antisense transcripts.

2.4. Fluorescence in situ hybridisation

Fluorescence in situ hybridisation (FISH) was per-

formed on interphase nuclei of human ES and OS cell

lines with the FDA-approved Pathvysion HER2/neu

DNA probe (Abbott-Vysis, Downers Grove, IL), by fol-

lowing the manufacturer�s guidelines. For the hybridisa-
tion step, a mixture of the two directly labeled probes

LSI HER2/neu SpectrumOrange (specific for the

HER2 gene) and the CEP17 SpectrumGreen (specific
for the alpha-satellite, centromeric DNA of chromo-

some 17) was applied to interphase nuclei specimens

and incubated overnight at 37 �C. After post-hybridisa-

tion washes, nuclei were counterstained with DAPI. For

each specimen, at least 100 nuclei were counted for both

the HER2 gene and CEP17 hybridisation signals. The

results were reported as a ratio of the average HER2

gene copy number to that of CEP17. Amplification of
HER2 gene was assigned only to specimens with a

HER2/CEP17 signal ratio P2.

2.5. Cytofluorometric analysis of HER2- and IGF-IR

expression

HER2- and IGF-IR expression was evaluated by

indirect immunofluorescence and flow cytometry (FAC-
SCalibur, Becton Dickinson, Mountain View, CA) by

using the anti-HER2 monoclonal antibody TAB250

(Zymed Laboratories Inc., San Francisco, CA; dilution

1:400) or the anti-IGF-IR monoclonal antibody aIR3

(Oncogene Research Products, San Diego, CA; dilution

1:10).

2.6. In vitro efficacy of trastuzumab alone or in

association with anti-IGF-IR treatments

To evaluate the effectiveness of trastuzumab (Hercep-

tin, Roche Diagnostics GmbH, Mannheim, Germany),

20,000/cm2 cells were seeded in IMDM 10% FBS. After

24 h, medium was changed with IMDM 1% FBS with-

out (control) or with increasing doses of the drug (0.3–

100 lg/ml). For combined in vitro treatments,
20,000 cells/cm2 were seeded in 6-well plates in IMDM

plus 10% FBS. After 24 h, medium was changed with
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IMDM plus 1% FBS and cells were treated with trast-

uzumab (0.3–100 lg/ml) jointly with/out the neutralizing

anti-IGF-IR aIR3 monoclonal antibody (1 lg/ml for OS

cells and 30–100 ng/ml for ES cell lines). After 72 h (for

ES cell lines) or 96 h (for OS cell lines) cell growth was

evaluated on harvested cultures by trypan blue vital cell
count.

2.7. Soft-agar assay

Anchorage-independent growth was determined in

0.33% agarose (SeaPlaque; FMC BioProducts, Rock-

land, ME) with a 0.5% agarose underlay. Cell suspen-

sions were plated in a semi-solid medium (IMDM plus
10% FBS containing 0.33% agarose) with or without

trastuzumab (10–100 lg/ml; cells/dish 60 mmB: 3300

and 10,000 for SK-N-MC and U-2 OS; 10,000 and

33,000 for SK-OV-3 and SK-BR-3). Dishes were incu-

bated at 37 �C in a humidified atmosphere containing

5% CO2 and colonies were counted after 14 days.

2.8. Statistical analysis

Two-tailed Fisher�s exact test was used to evaluate

the statistical association between two variables. Differ-

ences among means were analysed using two-sided Stu-

dent�s t test. The effects of drug combination were

analysed by using the fractional product method. Kap-

lan-Meier and log-rank methods were used to draw

and evaluate the significance of survival curves,
respectively.
3. Results

3.1. Clinical series

The two groups of 113 ES and 84 OS patients in-
cluded in this study are representative of the whole series

of 283 ES and 154 OS patients who underwent the

chemotherapy protocols considered here. In fact, no sig-

nificant differences were found between the clinicopath-

ological characteristics of the whole group of patients

included in these treatment protocols and the subgroups

considered for immunohistochemical analyses (Tables

included as supplementary materials).

3.2. Analysis of HER2 and P-glycoprotein expression in

association with clinicopathological features

Consistent with previous observations [17,20,36],

HER2-positive cases exhibited focal to diffuse cytoplas-

mic immunostaining (Fig. 1), without concomitant

membranous staining. In ES, presence of HER2 was re-
vealed in 18/113 cases (16%). Immunohistochemistry for

HER2 showed a complete concordance between the 3B5
and CB11 monoclonal antibodies (P < 0.0001; two-

tailed Fisher�s exact test). Eighty-seven of these 113

cases were also immunostained for P-glycoprotein. A

positive immunoreaction for P-glycoprotein was found

in 27/87 samples (31%). A significant association was

found between HER2 and P-glycoprotein expression
(P < 0.0001; two-tailed Fisher�s exact test), with a con-

cordance between these two markers in 68/87 cases

(78%). Among the 19 discordant cases, 17 were positive

for P-glycoprotein and negative for HER2, whereas two

were positive for HER2 and negative for P-glycoprotein.

In OS, presence of HER2 was revealed in 27/84 cases

(32%), with a concordance between the 3B5 and CB11

monoclonal antibodies in 78% of cases (P < 0.0001;
two-tailed Fisher�s exact test). In 43 cases, expression

of HER2 was also analysed by the DAKO HercepTest,

a semi-quantitative immunohistochemical assay to de-

tect increased levels of HER2 protein in paraffin-embed-

ded specimens. A positive result from HercepTest was

found in 12/43 cases (28%), a frequency similar to that

obtained with the 3B5 and CB11 monoclonal antibod-

ies. Concordance between 3B5/CB11 and HercepTest
immunohistochemical results was found in 29/43 cases

(67%; P < 0.01; two-tailed Fisher�s exact test). Among

the 14 discordant cases, 12 resulted positive for

3B5/CB11 and negative for HercepTest, whereas only

two were negative for 3B5/CB11 and positive for

HercepTest.

For 80 of the 84 OS analysed for HER2, immunohis-

tochemical results for P-glycoprotein were also ob-
tained. Expression of P-glycoprotein was found in

39/80 cases (49%). In agreement with the observations

in ES, in OS also, expressions of HER2 and P-glycopro-

tein were found to be significantly associated

(P < 0.0001; two-tailed Fisher�s exact test). Concor-

dance between these two markers was found in 58/80

cases (73%; P < 0.0001; two-tailed Fisher�s exact test).

Among the 22 discordant cases, 17 were positive for
P-glycoprotein and negative for HER2, whereas five

were negative for P-glycoprotein and positive for HER2.

Both in ES and in OS, HER2 or P-glycoprotein

expression did not significantly correlate with other clin-

icopathologic features (gender, age, histological sub-

type, site, chemotherapeutic protocol, local therapy,

surgery, surgical margins, tumour volume at diagnosis,

or tumour necrosis after pre-operative chemotherapy;
data not shown), indicating that these two markers are

independent from the clinicopathological characteristics

of the tumours.

3.3. Clinical outcome and survival analysis

The prognostic value of HER2, P-glycoprotein and

clinicopathological variables was analysed in relation
to relapse rate and clinical outcome. For all patients,

event-free survival was calculated from the date of initial



Fig. 1. Immunostaining for HER2 protein in Ewing�s sarcoma and osteosarcoma tissue samples after immunohistochemical analysis with the 3B5 or

CB11 monoclonal antibodies. Breast carcinoma tissue samples were used as positive controls. The degree of immunostaining was scored as highly

(+++) or moderately positive (++) on the basis of levels of antibody binding. Original magnification, 250·.
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diagnosis. Adverse events included relapse of the tu-

mour at any site or death during remission.

The median follow-up of the 113 ES patients was 7.0

years (range 3.6–16.3 years), and adverse events oc-

curred in 60/113 patients (53%). As shown in Table 1,

univariate analysis demonstrated that a higher relapse

rate was significantly associated with age older than 12

years (P < 0.023 two-tailed Fisher�s exact test), inade-
quate surgical margins (P < 0.047 two-tailed Fisher�s
exact test), and non-total tumour necrosis (P < 0.049

two-tailed Fisher�s exact test). Event-free survival analy-
ses further confirmed the association of age older than

12 years, inadequate surgical margins, and non-total

tumour necrosis with a worse clinical outcome

(P < 0.05 by log-rank test for all these three parameters;

data not shown).
The analysis of the prognostic relevance of HER2

alone or in association with P-glycoprotein in these ser-

ies of ES patients did not reveal any significant associa-

tion with relapse rate (Table 1). Event-free survival

analyses did not show any significant difference between

the groups of HER2-positive and HER2-negative pa-

tients (Fig. 2(a)), further confirming the lack of associa-

tion between these two markers and clinical outcome.
Similar results were obtained also in relation to the

expression of P-glycoprotein (Fig. 2(b)) or to both

HER2 and P-glycoprotein (Fig. 2(c)). Therefore, neither

HER2- nor P-glycoprotein expression appear to have a

prognostic value in ES.

Among the 84 OS analysed for HER2, complete out-

come information was available for 83 patients, whose

median follow-up was of 8.7 years (range 6.6–10.9



Fig. 2. Event-free survival curves in 113 Ewing�s sarcoma and 83 osteosarcoma patients according to the expression of HER2 (a and d) or P-

glycoprotein (b and e), as well as in relation to the simultaneous expression of both markers (c and f). Survival curves were drawn and evaluated by

using the Kaplan-Meier and log-rank methods.
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years). As shown in Table 2, adverse events occurred in

31/83 patients (37%). A higher relapse rate resulted to be
significantly associated with both HER2 expression

(P = 0.01; two-tailed Fisher�s test), and P-glycoprotein

(P = 0.04; two-tailed Fisher�s test), or to both HER2

and P-glycoprotein (P = 0.04; two-tailed Fisher�s test).

Accordingly, event-free survival analyses showed that

only HER2 and P-glycoprotein were significantly associ-

ated with a worse clinical outcome, either when consid-

ered alone or together (Fig. 2(d)–(f)). In this study,
differently from ES, both HER2 and P-glycoprotein

emerged to have a remarkable prognostic relevance in

OS.

3.4. HER2 status in ES and OS cell lines

HER2 overexpression is often due to gene amplifica-

tion in breast cancer. However, in other tumours the fre-
quency of HER2 overexpression is often greater than
predicted by gene amplification data, suggesting that

overexpression in these neoplasms is due to gene dereg-
ulation rather than amplification.

HER2 status was assessed in a panel of 12 ES and 13

OS cell lines. By flow cytometry, expression of HER2

was found in 10 out of 12 (83%) ES cell lines and in eight

out of 13 (62%) OS cell lines (Fig. 3). Protein expression

in both ES and OS cell lines appears to be higher than in

clinical samples, but these could reflect the higher sensi-

tivity of flow cytometry compared to immunohisto-
chemistry. However, in all these cell lines, the intensity

of fluorescence was generally lower than that observed

in the breast cancer cell line SK-BR-3 and in the ovarian

cancer cell line SK-OV-3, which were used as positive

controls.

In agreement with these observations, none of the ES

or OS cell lines showed amplification of HER2 gene by

FISH analyses (Table 3). The mean HER2 gene/CEP17
copy number ratio ranged between 0.5 and 1.0 in ES and



Fig. 3. Cytofluorometric analysis of HER2 expression in human Ewing�s sarcoma and osteosarcoma cell lines. Open profile: cells stained with

secondary antibody only. Solid profile: cells stained with the anti-HER2 antibody. Data from an experiment representative of at least two similar

determinations are shown.
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between 0.4 and 1.0 in OS cell lines, respectively. Only

the positive controls SK-BR-3 and SK-OV-3 cell lines

showed amplification of HER2 gene. Fig. 4 shows the

HER2 gene amplification in SK-BR-3 and SK-OV-3

cells, together with two representative ES and OS cell

lines (LAP-35 and SARG, respectively) without evi-

dence of HER2 gene amplification. A small series of
10 clinical samples were also analysed for HER2 gene

status by FISH, but no increase of HER2 copy number

was observed, further confirming the flow cytometry re-

sults (data not shown).

3.5. In vitro effects of trastuzumab in ES and OS cells

Independently from the molecular mechanisms
responsible for HER2 overexpression, the findings ob-

tained in this study indicated that approximately 15–

20% of ES patients and 30% of OS patients were positive

for HER2 in their primary tumours. Therefore, it was

possible that they could be considered for treatment

with trastuzumab, a humanised antibody directed
against the extracellular domain of the tyrosine kinase

receptor HER2, that is known for its clinical activity

against HER2 overexpressing tumours [37,38]. Fig.

5(a) shows the inhibitory growth effects of trastuzumab

against three representative ES or OS cell lines. Apart

from the SaoS-2 OS cell line, which showed percentages

of growth inhibition similar to those obtained with the
positive control SK-BR-3 breast carcinoma cells, in all

the other cell lines a maximum of 20% growth inhibition

was found, which is a modest reduction in monolayer

conditions. In addition, when we analysed the effects

of trastuzumab in soft-agar (Fig. 5(b)), we found that

the drug was effective in SK-BR-3 and SK-OV-3 cell

lines, whereas no effect at all was observed in ES and

OS cells, further supporting its therapeutic role in breast
and ovarian cancers but not in bone tumours.

Since IGF-IR has recently been shown to be involved

in the resistance to trastuzumab [39,40] and this receptor

is known to play a major role in the pathogenesis and

progression of ES and OS [32,34,35,41], we investigated

whether strategies targeting IGF-IR would potentiate



Fig. 4. Detection of HER2 gene copy number (red signals) in relation to chromosome 17 centromeric signals (green signals) by fluorescence in situ

hybridisation (FISH). Amplification of HER2 gene is present in positive controls SK-OV-3 (ovarian carcinoma) and SK-BR-3 (breast carcinoma)

nuclei. Original magnification, 600·. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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the growth inhibitory action of trastuzumab. Combined

experiments with the neutralizing anti-IGF-IR antibody

aIR3 and trastuzumab were performed on two ES and
two OS cells lines that express both HER2 (Fig. 3)

and IGF-IR (Fig. 6). The SK-BR-3 breast cancer cell

line, which expresses HER2 but barely IGF-IR (Figs.

3 and 6), was used as negative control. Indeed, the mod-

est trastuzumab-induced growth inhibition observed in

ES and OS cells was enhanced by aIR3 (Fig. 7), and

an additive growth suppression effect due to the combi-

nation treatment was observed. The role of IGF-IR tar-
geting strategies to increase the growth-inhibitory

activity of trastuzumab was also confirmed by using

TC-71 derived clones, in which IGF-IR functions are

impaired by using antisense or dominant negative

IGF-IR mutants [34,35]. Clones expressing antisense se-

quences or producing an IGF-IR protein mutated at the

ATP-binding site in the tyrosine kinase domain were

more sensitive to trastuzumab compared to control cells
(data not shown).
4. Discussion

Overexpression of HER2, is often associated with

gene amplification and has been reported for several hu-
man tumours including breast, ovary, stomach, salivary

gland, colon, kidney and bladder cancers [4,5]. Although

HER2 expression appears to be a relatively frequent
event in epithelial tumours, it has also been demon-

strated in neoplasms of mesenchymal origin, including

bone and soft-tissue sarcomas. In bone tumours, several

studies on HER2 have been performed for OS and ES,

the two most common neoplasms of the skeleton, but

the findings reported so far are rather contradictory

[13–21]. The reported percentages of protein expression

ranged widely and no general consensus has been
achieved on the prognostic value of HER2 in these

two neoplasms, indicating that HER2 altered expression

and role in sarcoma progression is not clear and requires

additional studies.

In particular for OS, the data reported so far con-

cerning HER2 are rather controversial, ranging from

studies in which HER2 increased expression was de-

tected in 10–63% of patients [15,16,18] to others in
which it was very uncommon or even absent [17,19,21].

Moreover, as extensively discussed by Anninga and

colleagues [21], inconsistent findings have also been re-

ported concerning HER2 status and its prognostic sig-

nificance. In fact in some studies, the increased levels

of HER2 protein at diagnosis resulted in an association

with poor histological response to chemotherapy and/or



Fig. 5. In vitro sensitivity of osteosarcoma and Ewing�s sarcoma cell lines to trastuzumab: (a) Monolayer assay. Cells were exposed for 72 h to

different doses of the drug. (b) Soft-agar assay. Cell suspensions were plated in a semi-solid medium (IMDM plus 10% FBS containing 0.33%

agarose), with or without trastuzumab, and colonies were counted after 14 days. All results show the mean of three independent

experiments ± standard error.
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a worse clinical outcome [15,16,20], whereas other re-

ports either did not show any correlation between

HER2 and poor treatment response or prognosis

[17,19] or indicated a positive prognostic value for in-

creased HER2 expression at diagnosis [18].

We can only speculate about the possible reasons for

this lack of concordance. Discrepancies may have arisen

from several sources such as differences in technical ap-
proach, tissue processing, anti-HER2 antibodies used

for the assays, result interpretation, sample series size

and treatment protocols. All these parameters vary from

study to study and the impact of each of them may have

significantly influenced the conclusions of each report.
In this study, we assessed the expression of HER2 in

113 ES and 84 OS homogeneously treated patients,

which represent a rather large series for these rare tu-

mours, to define the prognostic relevance of this marker.

Moreover, since some studies reported that HER2-posi-

tive cells may represent biologically aggressive or drug

resistant cell populations [6–9,20], the expression of

HER2 was also analysed in relation to that of P-glyco-
protein, which is responsible for multidrug resistance

and is a well known adverse prognostic marker for OS

[24–27].

The immunohistochemical detection of HER2 was

performed with the extensively validated 3B5 and



Fig. 6. Flow cytometry analysis of IGF-IR expression in human

Ewing�s sarcoma (TC-71 and SK-N-MC) and osteosarcoma (U-2 OS

and SaoS-2) cell lines. Open profile: cells stained with secondary

antibody only. Solid profile: cells stained with the anti-IGF-IR

antibody. Data from an experiment representative of at least two

similar determinations are shown.
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CB11 monoclonal antibodies [42], for which no cross-

reactivity with P-glycoprotein or other cellular antigens

has been reported [43]. Differently from what has been

observed in carcinomas, both in ES and OS, the

HER2 was present in the cytoplasm of positive cases.

In few cases, it was associated with a concomitant mem-
branous immunostaining. These findings are consistent

with previous observations [17,20,36], despite the fact

that that reliability of HER2-cytoplasmic positivity in

OS has been recently questioned [21]. This evidence

may be explained by taking into account that, when

HER2 protein is detected by immunohistochemistry,

its pattern of staining is faint and diffuse and appears

to be associated with a cytoplasmic rather than with a
cell surface reaction, as also demonstrated by Hughes

and colleagues [36] in both paraffin-embedded OS cell

lines and clinical samples. This feature may be due to

the much lower levels of HER2 protein that are reached

in bone tumour cells compared to breast or ovarian can-

cers, as also indicated by the flow cytometric data of this

study and by Hughes and colleagues [36], which may

prevent a clear immunodetection of the protein on the
cell surface. Alternatively, it may derive from histologi-

cal differences between bone tumour- and carcinoma

cells, which may allow a better staining of the cell mem-

brane in the latter case.

In this study, increased levels of HER2 protein

were found in 16% of ES and 32% of OS, with a sig-

nificant concordance between the 3B5 and CB11
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immunohistochemical results (P < 0.0001), therefore

indicating that inherent overexpression of this receptor

can be present in these neoplasms. Fourty-three OS

were also immunostained with the HercepTest kit,

an additional and widely used method for HER2 pro-

tein immunodetection. HercepTest revealed a positive
immunostaining for HER2 protein in 28% of cases,

showing a concordance with the immunohistochemical

results obtained by 3B5 and CB11 monoclonal anti-

bodies in 67% of cases (P < 0.05). It is interesting to

note that among the 14 discordant cases, 12 were po-

sitive for 3B5 and CB11 but negative for HercepTest,

suggesting that the latter method may identify only

cases with higher levels of HER2 protein, as also indi-
cated by others [16].

Immunohistochemical analyses also revealed a posi-

tive correlation between HER2 and P-glycoprotein

overexpression in both ES and OS (P < 0.0001), which

is a new finding of this study that should be validated

in future studies by using additional methods. The

relationship between P-glycoprotein and HER2 over-

expression is not due to technical artefacts, such as
non-specificity of the antibodies employed in this

study, because no cross-reaction has been demon-

strated between them [43]. Moreover, the fact that,

both in ES and OS, discordant cases resulted to be

mostly positive to P-glycoprotein and negative to

HER2 suggests that overexpression of P-glycoprotein

may appear earlier than that of HER2, which may

be more closely related to increased cellular aggres-
siveness or tumour progression.

With respect to the prognostic impact of HER2

and P-glycoprotein overexpression, our findings differ

between ES and OS. In ES, analysis of clinical out-

come revealed an adverse prognostic value for age

older than 12 years, inadequate surgical margins,

and non-total tumour necrosis, all of which are asso-

ciated with both a higher relapse rate and a worse
clinical outcome, in agreement with previous reports

[28]. On the other hand, neither HER2 nor P-glyco-

protein expression, alone or in association, showed

no prognostic value and appeared not to be biologi-

cally relevant for the outcome of this tumour, sub-

stantially confirming previously reported sporadic

data, which have been separately obtained for HER2

[13,14] and/or P-glycoprotein [44–46] expression on
small series of ES.

Differently from ES, our data demonstrate that

both HER2 and P-glycoprotein have prognostic value

in OS. In fact, event-free survival analyses showed

that, among all the clinicopathological parameters

considered here, only overexpression at diagnosis of

HER2 or P-glycoprotein, as well as of both molecules,

was significantly associated with a higher relapse rate
and a worse clinical outcome. We further demon-

strated the value of these markers in predicting OS
prognosis and response to therapy and revealed that

HER2 and P-glycoprotein may also act together as

adverse prognostic factors in determining a worse

prognosis in patients who present inherent increased

expression of both these molecules at diagnosis. In

our opinion, simultaneous overexpression of HER2
and P-glycoprotein in OS may identify a subset of tu-

mours characterised by a peculiar pattern of gene

expression related to poor response to drugs or a

more aggressive biological behaviour. A molecular

portrait of this subset of tumours is under definition.

Differential levels of HER2 expression together with

the involvement of HER2 in tumour progression indi-

cate this receptor as a possible target for therapeutic
approaches. Indeed, both ES and OS are relatively

rare sarcomas with limited therapeutic options, in par-

ticular for relapsed patients, who are extremely diffi-

cult to treat because of their unresponsiveness to

conventional chemotherapy. The availability of trast-

uzumab (also known as Herceptin), the humanised

antibody specific to HER2 protein that is currently

used in the treatment of advanced breast cancer [47],
may represent an opportunity for the 20–30% of ES

and OS patients over-expressing HER2 receptor at

the time of diagnosis, provided that its effectiveness

in inhibiting HER2 overexpressing sarcoma cells is

proved. Therefore, we analysed the in vitro therapeutic

impact of trastuzumab on a panel of human ES and

OS cell lines. Although the expression of HER2 recep-

tor was found in the majority of cell lines considered
here, the growth-inhibitory effects of trastuzumab was

definitely low in monolayer- and absent in soft-agar

culture conditions. These rather modest results ob-

tained in our experimental models indicate that

HER2 is not a good therapeutic target for these two

bone tumours.

Evaluation of HER2 gene copy number status in

sarcoma cell lines by FISH clearly indicated that none
of the ES and OS cell lines considered here showed

amplification of HER2 gene. These findings, in agree-

ment with previous reports [15,19,23], indicated that

HER2 overexpression in both ES and OS cells was

independent from gene amplification. The lack of gene

amplification may be, at least partly, responsible for

the scarce anti-tumour effects of trastuzumab in these

neoplasms, since data derived from breast cancer indi-
cate that efficacy of trastuzumab treatment is strictly

related to the increased HER2 protein level associated

with amplification of HER2 gene [48].

A second reason for ES and OS cells being substan-

tially resistant to trastuzumab may be related to the in-

creased level of IGF-IR signaling in these cells. Both

ES and OS are indeed characterised by the presence of

an IGF-IR-mediated autocrine loop that greatly
influences growth, migratory and metastatic ability of

these cells [32,34,35,41]. Recent reports have clearly
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demonstrated that IGF-IR signaling adversely interferes

with the action of trastuzumab on cell growth [39,40].

Accordingly, treatments with the neutralizing anti-IGF-

IRmonoclonal antibody aIR3 of ES and OS cells, as well

as of cells genetically modified to down-modulate IGF-

IR expression, showed significantly higher sensitivity to
trastuzumab. Although other mechanisms may be

responsible for trastuzumab resistance, we further con-

firmed the critical role of IGF-IR in regulating the

growth-inhibitory action of trastuzumab.

In conclusion, with this paper, we have contributed to

clarify the role and importance of HER2 in bone tu-

mours. In particular, we have identified an adverse role

of HER2 expression in the progression of OS but not in
ES. Interestingly, in OS, HER2 overexpression appears

to be associated with the increased expression of P-gly-

coprotein, a surface molecule responsible for multidrug

resistance that is also associated with a worse prognosis.

The hypothesis that HER2 and P-glycoprotein overex-

pression could be peculiar for a subset of OS, which

could be also characterized by the expression of other

genes that affect patients� outcome is under investiga-
tion. Disappointingly, despite the prognostic value of

HER2 overexpression, OS patients inherently expressing

this molecule appear to have low chances to benefit from

trastuzumab-driven therapy. Our pre-clinical studies

have clearly indicated that this drug shows very limited

growth-inhibitory actions against both OS and ES cells.

In addition, we have identified the lack of gene amplifi-

cation and the increased levels of IGF-IR signaling as
two possible mechanisms of resistance to trastuzumab.
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