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Abstract. Although HER2 targeted therapies have improved 
prognosis for HER2 positive breast cancer, HER2 positive 
cancers which co-express ER have poorer response rates to stan-
dard HER2 targeted therapies, combined with chemotherapy, 
than HER2 positive/ER negative breast cancer. Administration 
of hormone therapy concurrently with chemotherapy and 
HER2 targeted therapy is generally not recommended. Using 
publically available gene expression datasets we found that 
high expression of IGF1R is associated with shorter disease-
free survival in patients whose tumors are ER positive and 
HER2 positive. IGF1R is frequently expressed in HER2 posi-
tive breast cancer and there is significant evidence for crosstalk 
between IGF1R and both HER2 and ER. Therefore, we evalu-
ated the therapeutic potential of targeting ER and IGF1R in cell 
line models of HER2/ER/IGF1R positive breast cancer, using 
tamoxifen and two IGF1R targeted tyrosine kinase inhibitors 
(NVP-AEW541 and BMS-536924). Dual inhibition of ER 
and IGF1R enhanced growth inhibition in the four HER2 
positive cell lines tested and caused an increase in cell cycle 
arrest in G1 in BT474 cells. In addition, combined treatment 
with trastuzumab, tamoxifen and either of the IGF1R TKIs 
enhanced response compared to dual targeting strategies in 
three of the four HER2 positive breast cancer cell lines tested. 
Furthermore, in a cell line model of trastuzumab-resistant 
HER2 positive breast cancer (BT474/Tr), tamoxifen combined 

with an IGF1R TKI produced a similar enhanced response 
as observed in the parental BT474 cells suggesting that this 
combination may overcome acquired trastuzumab resistance 
in this model. Combining ER and IGF1R targeting with HER2 
targeted therapies may be an alternative to HER2 targeted 
therapy and chemotherapy for patients with HER2/ER/IGF1R 
positive breast cancer.

Introduction

Of the 20-25% of breast cancers that are HER2 positive 
approximately 50-60% also express estrogen receptor (ER) (1). 
Interaction between HER2 and ER is well documented since 
the observation by Benz  et  al  that transfection of HER2 
into ER positive cells results in tamoxifen resistance (2). It 
became widely accepted that HER2 overexpression causes 
intrinsic resistance to endocrine therapy and consequently 
HER2-targeted therapies combined with chemotherapy are 
recommended for patients with HER2 positive/ER positive 
breast cancer (1). However, response rates in these patients 
are lower than in HER2 positive/ER negative tumors  (1). 
Furthermore, in HER2 positive/ER positive breast cancer 
patients, the benefit of trastuzumab progressively decreases 
as tumor expression of ER increases (3,4). Thus, crosstalk 
between ER and HER2 contributes to resistance to both endo-
crine therapy and HER2 targeted therapy. Studies of HER2 
targeted therapies in combination with hormone therapy have 
shown clinical benefit in patients with HER2 positive/ER posi-
tive metastatic breast cancer (5,6).

Crosstalk between ER and IGF1R signaling pathways 
stimulates proliferation of ER positive breast epithelial cells 
in  vitro and in  vivo  (7,8). The IGF1R ligands, IGF1 and 
IGF2, can activate un-liganded ER and have therefore been 
implicated in the regulation of ER activity. Estradiol (E2) can 
regulate IGF action by increasing IGF1R and insulin-receptor 
substrate expression in breast cancer cells resulting in an 
enhanced response to IGF1. IGF1 and E2 together synergisti-
cally stimulate proliferation of breast cancer cells (reviewed 
in ref. 9). Recent evidence also suggests that E2 and IGF1 can 
downregulate several potential tumor suppressors in breast 
cancer cells and negatively affect breast cancer outcome (10).
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This crosstalk between ER and IGF1R makes dual inhibi-
tion of the receptors an attractive target for the treatment of 
ER positive breast cancer and has been evaluated previously 
in preclinical models, whereby dual inhibition of ER and 
IGF1R results in enhanced apoptosis compared to single agent 
treatment (11-14). Anti-ER and anti-IGF1R targeted therapy 
has also been evaluated clinically in ER positive breast cancer 
patients who had progressed following first-line hormonal 
therapy (15). This study evaluated the addition of AMG-479, 
an anti-IGF1R monoclonal antibody to exemestane or fulves-
trant (aromatase inhibitor/anti-estrogen) compared to single 
agent hormonal therapy. However, there was no significant 
increase in progression-free survival in the combination arm 
compared to single agent treatment. Interestingly, although 
this trial combined anti-ER and anti-IGF1R targeted therapy, 
IGF1R expression was not a selection criterion (15).

In HER2 positive breast cancer, crosstalk between IGF1R 
and HER2 has been extensively investigated in preclinical 
studies (16-19) and in a clinical trial. Despite promising preclin-
ical data for combined HER2/IGF1R inhibition, the addition 
of the IGF1R targeted antibody cixutumumab to lapatinib plus 
capecitabine failed to show an improvement in progression-
free survival compared to lapatinib plus capetabine (20).

Previous work from our laboratory reported that phospho-
IGF1R/IR staining was detected in 48.8% of HER2 positive 
breast tumors and in 44.7% of the HER2/ER positive breast 
tumors (19). While dual targeting of HER2 and ER or HER2 
and IGF1R have been evaluated, combined targeting of ER 
and IGF1R together with HER2 targeted therapy has not been 
investigated in HER2 positive breast cancer. Therefore in the 
present study, we evaluated combined targeting of ER and 
IGF1R in HER2/ER/IGF1R positive breast cancer cell lines 
to determine its potential as a rational therapeutic strategy to 
improve treatment response in patients with HER2 positive 
ER positive tumors.

Materials and methods

Cell lines and culture reagents. Cell lines MCF7, BT474, 
MDA-MB-361 and HCC1419 cell lines were obtained from 
the American Type Culture Collection (Rockville, MD, USA). 
The EFM-192A cells were obtained from the German Tissue 
Repository DSMZ (Braunschweig, Germany). BT474/Tr 
cells were established by continuously culturing BT474 cells 
in 100 µg of trastuzumab for a period of 9 months, as previ-
ously described (21). All cell lines except MDA-MB-361 were 
cultured in RPMI-1640 (Sigma-Aldrich, Wicklow, Ireland) 
supplemented with 10% fetal bovine serum (FBS) with 5% 
CO2. MDA-MB-361 cells were maintained in L-15 medium 
(Sigma-Aldrich) supplemented with 15% FBS, without CO2. 
All experiments were conducted with cells in the exponential 
growth phase and within 10 passages after thawing the cells. 
Cell line identity was authenticated by short tandem repeat 
(STR) typing (Source BioScience, Nottingham, UK). Stock 
solutions of BMS-536924 (Bristol Myers Squibb, Princeton, 
NJ, USA) and NVP-AEW541 (Novartis, Basel, Switzerland) 
(10 mM) were prepared in dimethyl sulfoxide. Tamoxifen 
(Sigma-Aldrich) was dissolved in ethanol as a 10 mM stock 
solution. Trastuzumab (21  mg/ml) was purchased from 
St Vincent's University Hospital (Dublin, Ireland).

Cell proliferation assays. Proliferation was measured using 
an acid phosphatase assay. Cells (3-5x103/well) were seeded 
in 96-well plates. Plates were incubated overnight at 37˚C, 
followed by addition of drug and incubation for 5  days. 
After washing with PBS, 10 mM paranitrophenol phosphate 
substrate (Sigma-Aldrich) in 0.1 M sodium acetate buffer 
with 0.1% Triton X-100 (Sigma-Aldrich) was added to each 
well and incubated at 37˚C for 2 h, 50 µl of 1 M NaOH was 
added and the absorbance was read at 405 nM (with reference 
wavelength 620 nM).

Cell cycle assay. Cell cycle assays were performed in 24-well 
plates with 2.5x104 cells/well. Following cell adherence, cell 
synchronization was achieved by replacing the growth media 
with serum-free RPMI for 16 h. Cells were then drug treated at 
the indicated concentrations. After 48 h cells were trypsinized 
and transferred to a round-bottomed 96-well plate, washed 
with PBS and fixed with 70% ethanol overnight. Following 
fixation, the cells were washed with PBS and stained with Cell 
Cycle Reagent (Merck Millipore, Cork, Ireland), according 
to the manufacturer's protocol. Samples were measured on 
the Guava EasyCyte (Merck Millipore) and the data were 
analyzed using Modfit LT software (Verity Software House, 
Topsham, ME, USA).

Apoptosis assay. Apoptosis assays were performed in 24-well 
plates with 2.5x104 cells/well. After 24 h cells were drug 
treated at the indicated concentrations. After 72 h cells were 
trypsinized and transferred to a round-bottomed 96-well 
plate, washed with PBS and fixed with 70% ethanol at 4˚C 
overnight. Following fixation the cells were washed with 
PBS and stained using the Guava TUNEL Assay kit (Merck 
Millipore), according to the protocol for the Guava EasyCyte 
(Merck Millipore). Apoptotic and non-apoptotic cell popu-
lations were determined and expressed as a percentage of 
the total cell population using the Guava TUNEL Software 
Module (Merck Millipore).

Immunoblotting. Whole cell lysates were prepared by seeding 
approximately 1x106 cells in 100-mm cell culture petri dishes. 
Once the cells were 80% confluent the media was removed and 
the cell monolayer was washed twice with ice-cold PBS and 
then lysed with 500 µl of RIPA buffer, containing 5 µl 100X 
protease inhibitors, 5 µl 100X PMSF and 5 µl 100X sodium 
orthovanadate (Sigma-Aldrich). Cells were incubated on ice for 
20 min, sheared with a 21-guage needle and centrifuged at 
16,000 x g for 5 min at 4˚C. The supernatant was collected and 
protein concentration was determined using the BCA assay 
(Thermo Fisher Scientific, Hemel Hempstead, UK). Protein 
lysates (50 µg) were resolved on 10% polyacrylamide gels 
(Lonza, Slough, UK), transferred to Hybond ECL nitrocellulose 
membrane (GE Healthcare, Cheshire, UK) and blocked using 
blocking solution [5% milk powder (Bio‑Rad, Hemel Hempstead, 
UK) in 0.5% PBS-Tween] at room temperature for 1 h shaking. 
The membrane was incubated overnight, shaking, at 4˚C with 
primary antibody: anti-ERα (Santa Cruz Biotechnology, 
Heidelberg, Germany) [1:200 in 3% blocking solution 
(Bio‑Rad)], anti-IGF1Rβ (Santa Cruz Biotechnology) (1:666 in 
5% blocking solution), anti-HER2 (Merck Millipore) (1:1000 in 
5% blocking solution) and anti-tubulin (Sigma-Aldrich) (1:1000 
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in 5% blocking solution) or anti-GAPDH (R&D Systems, 
Abingdon, UK) (1:1000 in 2.5% blocking solution). Three 
10  min washes with 0.5% PBS-Tween were carried out 
followed by 1 h incubation with secondary antibody (anti-
mouse (Sigma-Aldrich) or anti-rabbit [Thermo Fisher 
Scientific) (1:1000)], another three 10 min washes with 0.5% 
PBS-Tween and a PBS wash. Protein bands were detected 
using Luminol (Santa Cruz Biotechnology).

Enzyme-linked immunosorbant assay (ELISA). Total IGF1R 
was measured using a quantitative ELISA (R&D Systems) 
according to the manufacturer's instructions. Lysates were 
prepared as described above and 50 µg of protein was loaded 
per sample, in triplicate. Total IGF1R levels are presented as 
nanogram per milligram of total protein.

Gene expression analysis. BreastMark is an online algorithm 
which integrates gene expression and survival data from 
26 datasets on 12 different microarray platforms corresponding 
to ~17,000 genes in up to 4,738 samples (22). Disease-free 
survival (DFS) and overall survival (OS) were analyzed and 

the 25th percentile was used to dichotomize IGF1R expression 
levels in ER positive breast tumors classified as HER2 subtype 
based on the gene classifier ssp2003 (23).

Statistical analysis. Analyses of the differences in response to 
treatment in in vitro assays were performed using the Student's 
t-test (two-tailed with equal variance). p<0.05 was regarded as 
statistically significant. For the Kaplan Meier plots generated 
by BreastMark hazard ratios and p-values were calculated 
using a log-rank test.

Results

IGF1R expression in HER2/ER positive tumors. Using 
publicly available gene expression data made accessible 
through BreastMark (22), we examined expression of IGF1R 
in tumors classified as HER2 positive using the ssp2003 
subtype classifier (23). High expression of IGF1R (greater 
than the 25th percentile) correlated significantly with DFS 
in ER positive but not in ER negative HER2 positive tumors 
(HR=2.52 (1.32-4.83), p=0.0038) (Fig.  1). IGF1R mRNA 
levels did not significantly correlate with OS in either HER2 
positive ER positive (p=0.5054) or HER2 positive ER nega-
tive (p=0.0675) tumors.

Dual inhibition of IGF1R and ER. BT474 cells express ER and 
IGF1R and thus represent a cell line model of ER and IGF1R 
positive HER2 amplified breast cancer (Table I and Fig. 2). 
MCF7 cells, which are not HER2 amplified, were used as a 
positive control as they are a model of ER positive and IGF1R 
positive breast cancer wherein the two signaling systems engage 
in crosstalk resulting in synergistic growth (24). Tamoxifen 
inhibited the growth of both BT474 and MCF7 cells with an 
IC50 of 5.5±0.3 µM and 5.7±0.5 µM, respectively, indicating 
that the cells display a similar sensitivity to ER inhibition 
(Fig. 2). IGF1R inhibition was examined with two anti-IGF1R 
TKIs, NVP-AEW541 (NVP) and BMS-536924 (BMS). MCF7 
cells were equally sensitive to both NVP (0.22±0.01 µM) and 
BMS (0.19±0.02 µM), while BT474 cells, which express lower 
levels of IGF1R, were less sensitive to both NVP (4.7±0.4 µM) 
and BMS (11.6±1.1 µM) (Fig. 2).

To examine the effects of dual inhibition of ER and IGF1R, 
tamoxifen and NVP were administered as single agents and in 
combination at a fixed concentration. Despite the observation 
that BT474 cells were less sensitive to NVP as a single agent, 
the combined treatment with tamoxifen resulted in enhanced 

Figure 1. High expression of IGF1R is associated with decreased disease-free 
survival in HER2/ER positive breast cancer. IGF1R (entrez gene I.D. 3480) 
mRNA expression levels were stratified as low (lower than 25th percentile) 
or high (higher than the 25th percentile) in (A) ER positive and (B) ER nega-
tive breast tumors classified as HER2 subtype based on the gene classifier 
ssp2003 (23), using BreastMark (22). p-values and hazard ratios (HR) were 
generated using the log-rank test.

Table I. Levels of IGF1R protein (ng/mg) measured by ELISA 
in five HER2 positive breast cancer cell lines.

Cell line	 IGF1R (ng/mg)

BT474	 3.7±0.5
BT474/Tr	 3.1±0.4
EFM192-A	 0.6±0.1
MDA-MB-361	 0.7±0.1
HCC1419	 3.0±0.4
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Figure 2. IGF1R inhibition in ER positive cells. (A) Detection of ER and HER2 in BT474, EFM-192A, MDA-MB-361 and HCC1419 cells. GAPDH was used 
as a control for protein loading. Growth of (B) MCF7 and (C) BT474 cells following 5-day treatment with tamoxifen, NVP-AEW541 (NVP) or BMS-536924 
(BMS). Growth is expressed relative to control untreated cells and error bars represent the standard deviation of triplicate experiments.

Figure 3. Dual targeting of IGF1R and ER inhibits proliferation of BT474 cells. (A) Growth of MCF7 and BT474 cells following 5-day treatment with the 
indicated concentrations of tamoxifen (T) and NVP (N) or BMS (B) alone and in combination. Growth is expressed relative to control untreated cells. 
(B) Percentage apoptosis induced in BT474 cells following 72 h treatment with the indicated concentrations of tamoxifen (T) and NVP (N) or BMS (B) alone 
and in combination. Apoptotic cell populations were identified using Guava TUNEL assay kit and expressed as a percentage of the total cell population using 
the Guava TUNEL Software Module. (C) Cell cycle analysis of BT474 cells following 72 h treatment with the indicated concentrations of tamoxifen (T) and 
NVP (N) or BMS (B) alone and in combination. Cells were stained using Cell Cycle Reagent (Merck Millipore) and the data was analyzed using Modfit 
LT software. Error bars represent standard deviation of triplicate experiments. p-values were calculated using Student's t-test where *p≤0.05, **p≤0.01 and 
***p≤0.001.
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growth inhibition compared to tamoxifen alone (p<0.001) and 
NVP alone (p<0.001) (Fig. 3A). To confirm that the enhanced 
response to combined tamoxifen and NVP was due to targeting 
the ER and not tamoxifen off-target effects we also tested 
NVP in combination with fulvestrant and observed a similar 
enhanced response to the combination in BT474 cells (data not 
shown). The combination treatment also resulted in signifi-
cantly greater growth inhibition in MCF7 cells compared to 
tamoxifen alone (p<0.0001) and compared to NVP alone 
(p<0.001). Similar enhancement of growth inhibition was also 
seen when tamoxifen was combined with BMS in both cell 
lines (Fig. 3A). 

Dual inhibition of ER and IGF1R results in G1 arrest. Single 
agent tamoxifen treatment did not induce apoptosis in BT474 
cells, compared to control cells (Fig. 3B). Treatment with NVP 
alone induced significant apoptosis in BT474 (p<0.001) cells. 
NVP combined with tamoxifen did not increase apoptosis 

compared to treatment with NVP alone. BMS alone only 
induced a small increase in apoptosis in both cell lines and 
similar to NVP, when combined with tamoxifen did not induce 
a significant increase in apoptosis. These results suggest that 
the growth inhibitory effects of the combination treatment are 
not as a result of enhanced apoptosis. Neither tamoxifen nor 
NVP single agent treatment resulted in increased G1 accumu-
lation (Fig. 3C). However, there was a significant increase in 
G1 accumulation following combined treatment compared to 
either tamoxifen alone (p=0.001) of NVP alone (p=0.010). A 
similar trend was also observed when BMS was combined with 
tamoxifen. These data suggest that the growth enhancement of 
the dual combination treatment is mediated by an increase in 
cell cycle arrest.

Dual ER and IGF1R inhibition in HER2 positive cell lines. 
Having established that dual targeting of ER and IGF1R 
results in greater inhibition of cell growth in BT474 cells, 

Figure 4. Triple therapy with tamoxifen, NVP and trastuzumab. Growth of MDA-MB-361, HCC1419 and EFM-192A cells following 5-day treatment with 
(A) tamoxifen (T) and NVP (N) alone and in combination, (B) trastuzumab (H) and NVP (N) alone and in combination and (C) tamoxifen, NVP and trastu-
zumab combined compared to dual combinations. Error bars represent standard deviation of triplicate experiments. p-values were calculated using Student's 
t-test where *p≤0.05, **p≤0.01 and ***p≤0.001.
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we tested the effects of dual therapy in three additional cell 
line models of HER2, ER and IGF1R positive breast cancer. 
MDA-MB-361, EFM-192A and HCC1419 cells are ER posi-
tive as determined by western blotting (Fig. 2) and expressed 
high levels of IGF1R determined by both western blotting and 
ELISA with EFM-192A cells exhibiting the lowest levels of 
IGF1R of the tested cell lines (Table I). MDA-MB-361 cells 
were more sensitive to single agent NVP treatment and thus 
were treated with a lower concentration of NVP compared 
to EFM-192A cells in these combination experiments. The 
combination of tamoxifen and NVP resulted in significantly 
greater inhibition of growth compared to tamoxifen or NVP 
alone in MDA-MB-361 (p=0.041, p=0.005, respectively) 
and HCC1419 (p<0.001, p<0.001, respectively) (Fig. 4A). An 
enhanced response was also observed for the combination in 
EFM-192A cells (28.5±4.6% growth inhibition), although this 
did not achieve statistical significance compared to tamoxifen 

alone (21.9±3.0% growth inhibition, p=0.106) (Fig.  4A). 
Similar results were also achieved when tamoxifen was 
combined with BMS (data not shown).

Dual targeting of IGF1R and HER2. We have shown that 
dual inhibition of IGF1R and ER is more effective than single 
agent treatment in four HER2/ER/IGF1R positive cell lines. 
We have previously shown that combined treatment with the 
HER2 targeted monoclonal antibody trastuzumab and IGF1R 
inhibitors produces enhanced response in some HER2 positive 
breast cancer cell lines (19). Similarly, in this study, combined 
trastuzumab and NVP was more effective than trastuzumab 
or NVP alone in BT474 (p=0.003, p<0.001, respectively), 
MDA-MB-361 (p<0.001, p<0.001) and HCC1419 (p<0.001, 
p=0.005) (Figs. 4B and 5B). The combination also produced 
greater growth inhibition than NVP (p<0.001) alone in the 
EFM-192A cells, but the effect of the combination (42.7±3.4% 
growth inhibition) compared to trastuzumab alone (36.3±2.3% 
growth inhibition) did not achieve statistical significance 
(p=0.055) (Fig. 4B). Similar results were also obtained when 
trastuzumab was combined with BMS in the three cell lines 
(data not shown).

Effect of triple targeted therapy on ER/HER2/IGF1R posi-
tive cells. Next we examined if there may be an additional 
benefit when trastuzumab, tamoxifen and IGF1R targeting 
are combined compared to dual inhibition. In three of the 
four cell lines tested (BT474, MDA-MB-361 and HCC1419), 
the triple combination was significantly more effective than 
dual inhibition with trastuzumab and NVP, tamoxifen and 
NVP or tamoxifen and trastuzumab (Figs. 4C and 5C). In the 
EFM-192A cells, the addition of NVP did not significantly 
enhance response compared to the double combination of 
tamoxifen and trastuzumab. Similar results were obtained for 
trastuzumab and tamoxifen were combined with BMS in the 
four cell lines (data not shown).

Effect of triple targeted therapy on trastuzumab-resistant cells. 
Trastuzumab-conditioned BT474/Tr cells were developed by 
continuous exposure to trastuzumab and represent a cell line 
model of acquired trastuzumab resistance which exhibits a 
significantly reduced response to trastuzumab compared to 
BT474 cells, as previously described (21). Similar to the parental 
BT474 cells, combined treatment with tamoxifen and NVP 
resulted in significantly greater inhibition of growth compared 
to either tamoxifen (p<0.001) or NVP (p<0.001) alone in the 
BT474/Tr cells (Fig. 5A). In BT474/Tr cells trastuzumab alone 
or in combination with NVP did not inhibit growth signifi-
cantly (Fig. 5B). However, BT474/Tr cells were significantly 
more sensitive to the trastuzumab, tamoxifen and NVP triple 
combination compared to dual tamoxifen/NVP (p<0.001), dual 
trastuzumab/NVP (p<0.001) and dual tamoxifen/trastuzumab 
(p<0.001) (Fig. 5C). Similar results were obtained with BMS in 
BT474/Tr cell line (data not shown).

Discussion

Based on the substantial evidence of crosstalk between ER 
and IGF1R signaling pathways, the inferior response rates to 
HER2-targeted therapies combined with chemotherapy for 

Figure 5. Triple therapy in trastuzumab resistant cells. Growth of BT474 
and BT474/Tr cells following 5-day treatment with (A) tamoxifen (T) and 
NVP (N) alone and in combination, (B) trastuzumab (H) and NVP (N) alone 
and in combination and (C) tamoxifen, NVP and trastuzumab combined 
compared to dual combinations. Error bars represent standard deviation of 
triplicate experiments. p-values were calculated using Student's t-test where 
*p≤0.05, **p≤0.01 and ***p≤0.001.
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HER2/ER positive tumors, and previous studies from our 
laboratory suggesting that 45% of HER2 positive/ER positive 
breast tumors are positive for phosphorylated IGF1R/IR (19), 
we tested combined targeting of ER and IGF1R in HER2 
cell line models of HER2/ER/IGF1R positive breast cancer. 
Analysis of publicly available gene expression data provided 
further support for IGF1R playing a role in HER2 positive/ER 
positive breast cancer as higher expression of IGF1R mRNA is 
associated with shorter DFS whereas IGF1R expression did not 
correlate with DFS in the HER2 positive/ER negative cases.

Combined treatment with tamoxifen and the IGF1R 
inhibitor NVP was significantly more effective than single 
agent treatment in all cell lines tested. Combined tamoxifen 
and NVP treatment resulted in a significant increase in cells 
arrested in G1 phase without a significant increase in apoptosis. 
Two previous studies reported the enhanced growth inhibitory 
effects of combined ER/IGF1R targeted therapy corresponded 
with significant increases in apoptosis, but not cell cycle arrest 
(12,13). The different effects noted may be due to the different 
cell culture conditions, different IGF1R targeted agents (α-IR-3, 
AG1024) (13) and/or different ER targeted agents (letrozole) (12) 
used. Furthermore, both NVP-AEW541 and BMS-536924 
also target the insulin receptor (25,26), thus inhibition of IR 
signaling may contribute to the induction of cell cycle arrest. 
Targeting the IR may also be beneficial in HER2 positive breast 
cancer as IR signaling has been implicated in tumor progres-
sion in preclinical models of HER2 positive breast cancer (27). 
Of note, dual targeting of ER and IGF1R produced a similar 
level of growth inhibition in the trastuzumab resistant BT474 
cells, as in the parental cells, suggesting that this ER/IGF1R 
targeting strategy may be beneficial in patients with HER2/ER/
IGF1R positive breast cancer following disease progression on 
trastuzumab-based treatment.

Similar to our previously published results (19), trastu-
zumab combined with NVP or BMS produced an enhanced 
response in the HER2 positive breast cancer cell lines 
tested. Targeting all three receptors (HER2, ER and IGF1R) 
simultaneously produced a significantly enhanced response 
compared to targeting two of the receptors in four of the 
five HER2 positive breast cancer cell lines tested, including 
the trastuzumab resistant BT474/Tr cell line. In EFM-192A 
cells, addition of NVP did not significantly improve the 
anti-proliferative effect compared to trastuzumab combined 
with tamoxifen. The EFM-192A cells have the lowest levels 
of IGF1R of the cell lines tested (0.6±0.1 ng/mg), although 
similar to MDA-MB-361 (0.7±0.1 ng/mg) (Table I). While 
IGF1R levels alone may not account for sensitivity or resis-
tance to IGF1R inhibition, we have previously reported that 
high levels of IGF1R are weakly associated with greater sensi-
tivity to NVP-AEW541 in a panel of 9 HER2 positive breast 
cancer cell lines (p=0.053) (19). Mukohara et al reported that 
sensitivity to NVP-AEW541 in MCF7 cells was due to high 
expression of both IGF1R and IRS1 (28).

Importantly, in the cell line model of acquired trastu-
zumab resistance, BT474/Tr, the triple combination appears to 
overcome trastuzumab resistance, and achieved greater than 
90% growth inhibition. Thus the triple combination may be 
beneficial for patients with trastuzumab-refractory HER2/ER/
IGF1R positive metastatic breast cancer. The triple targeting 
strategy may also represent a promising chemotherapy-free 

adjuvant treatment strategy for low risk HER2 positive breast 
cancer patients. It would be interesting to test this strategy 
in a chemotherapy-free study similar to the perioperative 
EPHOS-B study of trastuzumab and lapatinib (29).

To date clinical trials targeting IGF signaling, using TKIs 
or monoclonal antibodies targeting the receptor have produced 
disappointing results (30,31) and those results combined with 
TKI-related toxicities have led to the termination of several 
IGF1R targeted therapies, including the two TKIs tested in this 
study. The lack of appropriate predictive biomarkers and the 
selection of patient subgroups most likely to respond to IGF1R 
inhibition is one of the major factors contributing to the failure 
of the clinical studies. Optimal combination strategies also 
need to be identified using preclinical studies. Thus targeting 
IGF1R in combination with hormone therapy in HER2/ER/
IGF1R positive breast cancer may be more successful than 
the previous IGF1R breast cancer clinical trials which were 
performed in ER positive breast cancer.

As previously mentioned IGF ligands may play a critical role 
in determining response/resistance to IGF1R inhibition (32,33). 
Targeting IGF ligands may be a promising therapeutic approach 
to block IGF1R signaling and in addition to block IGF2 medi-
ated insulin receptor signaling. Two monoclonal antibodies, 
BI 836845 and MEDI-573 which target IGF1 and IGF2, are 
currently in clinical development (34,35). They have shown 
anti-proliferative activity in a range of cancer models and are 
currently in phase I/II studies in ER positive breast cancer.

In conclusion, our study provides significant evidence 
to suggest that targeting HER2, ER and IGF1R could have 
clinical benefit in the subgroup of HER2 positive patients 
whose tumors co-express ER and IGF1R. Evaluation of the 
dual (ER/IGF1R) and/or triple (HER2/ER/IGF1R) targeting 
combinations in preclinical in vivo models of breast cancer, in 
particular patient derived xenograft models, would be required 
to further evaluate the potential clinical benefit of this treat-
ment strategy.
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