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Abstract
Background  Hormone therapy targeting the estrogen receptor (ER) pathway is the most common treatment used for ER-
positive breast cancer. However, some patients experience de novo or acquired resistance, which becomes a critical problem. 
Activation of the insulin-like growth factor (IGF) pathway allows breast cancer cells to proliferate and is associated with the 
ER pathway. Little is known about the role of the IGF pathway in hormone therapy and resistance; therefore, we investigated 
whether the inhibition of this pathway may represent a novel therapeutic target for overcoming hormone therapy resistance 
in ER-positive breast cancers.
Methods  Crosstalk between the ER and IGF pathways was analyzed in breast cancer cell lines by inhibiting or stimulating 
either one or both pathways. We studied the effect of insulin-like growth factor one receptor (IGF1R) inhibition in aromatase 
inhibitor-resistant breast cancer cell lines and fulvestrant-resistant cell lines which were uniquely established in our laboratory.
Results  Under normal conditions, IGF signaling is controlled by ER signaling to promote cell growth. Temporary disrup-
tion of the estrogen supply results in attenuated ER signaling, and IGF-1 dramatically increased relative growth compared 
with normal conditions. In addition, IGF1R inhibitor strongly suppressd cell growth in hormone-resistant breast cancer cells 
where ER remains than cells where ER decreased or was almost lost.
Conclusions  Our study suggests that inhibition of the IGF pathway may be an effective strategy for ER-positive breast cancer 
therapy, even in hormone therapy-resistant cases.

Keywords  Breast cancer · Insulin-like growth factor · Insulin-like growth factor 1 receptor · Estrogen receptor · Hormone 
therapy

Introduction

Approximately, 75% of all invasive breast cancers are estro-
gen receptor (ER)-positive and are treated using therapies 
targeting the ER pathway [1–3]. Hormone therapy is widely 
used in clinical adjuvant settings and in advanced cancer and 
has excellent outcomes [4]. However, some cancers acquire 
resistance and relapse during or after hormone therapy, 
resulting in poor prognosis [5]. Hence, there is an immedi-
ate requirement to identify an additional target and therapy 
to overcome resistance.

Estrogen and ER regulate mammary cell proliferation 
and apoptosis and are the dominant driver pathways, par-
ticularly in ER-positive breast cancers [6–9]. ER belongs 
to a nuclear receptor superfamily, functions as a ligand-
activated transcription factor, and transactivates promoters 
of estrogen target gene expression. ER also exerts distinct 
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cellular functions predominantly mediated by activation at 
key positions of ER, such as at serine 118 or 167, because of 
activating intracellular phosphorylation signaling pathways. 
To date, two major intracellular phosphorylation signaling 
pathways have been studied: MAPK and PI3K/Akt/mTOR 
[10–13]. Intracellular phosphorylation signaling pathways 
are mainly activated via membrane receptors, including 
epidermal growth factor receptor, human epidermal growth 
factor receptor two, and insulin-like growth factor (IGF) one 
receptor (IGF1R). The relationship between the ER and IGF 
pathways has been documented. Estrogen enhances the IGF 
pathway by inducing expression of IGF1R and its down-
stream signaling molecule insulin receptor substrate (IRS) 
[14, 15]. ER and IGF pathways respond to ligands, resulting 
in increased levels of cellular proliferation and enhanced 
signaling events [16, 17]. Activated IGF1R and ER show 
additive or synergistic effects when both ligands are added 
simultaneously [18]. The PI3K pathway is activated by IRS 
and leads to further phosphorylation of Akt/mTOR kinase.

Resistance to hormone therapy is clinically recognized as 
a significant problem and is highly correlated with involve-
ment of intracellular phosphorylation pathways. Previously, 
our laboratory established several hormone-resistant cell line 
models: estrogen deprivation-resistant (EDR) and MCF-
7-derived fulvestrant-resistant (MFR) cell lines [19, 20]. 
Our hormone-resistant cell lines support the involvement 
of intracellular phosphorylation pathways after acquired 
resistance to hormonal drugs. The importance of IGF and its 
signaling in ER-positive breast cancers is well-known [21]; 
however, little is known about the influence of therapy tar-
geting the IGF pathway in hormone therapy-resistant breast 
cancer. Here, we explored the role of the IGF pathway in 
hormone therapy resistance and the role of the IGF pathway 
in ER-positive breast cancers and revealed that IGF pathway 
represents a possible therapeutic target for the treatment of 
ER-positive breast cancers. Our results indicate the useful-
ness of IGF-targeted therapy for some types of hormone 
therapy-resistant models and may provide an effective treat-
ment option for hormone therapy-resistant breast cancers.

Materials and methods

Reagents

ADW-742 was purchased from Selleck Chemicals (Houston, 
TX, USA), fulvestrant was obtained from Sigma-Aldrich (St. 
Louis, MO, USA), and IGF-1 was acquired from R&D sys-
tems (Minneapolis, USA).

The antibodies for Western blotting were sourced as fol-
lows: total ERα (H-184) was purchased from Santa Cruz 
Biotechnology Inc. (Santa Cruz, CA, USA), IGF1R β 
antibody (#3027) and β-tubulin were acquired from Cell 

Signaling Technology (Danvers, MA, USA), and phos-
pho-S167 anti-ERα (ab31478) was obtained from AbCam 
(Cambridge, MA, USA). Secondary antibody conjugated 
with horseradish peroxidase was purchased from Bio-Rad 
Laboratories Inc. (Hercules, CA, USA).

Cells and cell culture

MCF-7-E10 breast cancer cells derived from MCF-7 cells 
were stably transfected with ERE-GFR reporter plasmids 
as reported previously [19]. Estrogen deprivation-resistant 
(EDR) cells (type one and type two cells) and fulvestrant-
resistant cells (MFR) were established from MCF-7-E10 
cells as described previously [19, 20]. Parent cells were 
maintained in RPMI1640 medium (Sigma-Aldrich) contain-
ing 5% fetal calf serum (FCS; Gibco BRL, Grand Island, NY, 
USA) and 1% penicillin/streptomycin (Gibco). MFR cells 
were maintained in fulvestrant-supplemented RPMI1640 
medium (final concentration, 10 nM). Type one and type 
two EDR cells were cultured in phenol red-free RPMI1640 
medium (Gibco BRL) supplemented with 5% dextran-coated 
charcoal-treated FCS and 1% penicillin/streptomycin. All 
cells were incubated at 37 °C in an atmosphere containing 
5% CO2.

Cell proliferation assay

In inhibitor sensitivity assays, parent cell lines and MFR 
cells were maintained in RPMI1640 medium containing 
5% FCS, seeded in 24-well culture plates, and grown to 
approximately 50% confluence. Each drug was added for 
3 days, harvested, and counted using a Sysmex CDA-500 
automated cell counter (Sysmex, Kobe, Japan). Type one 
and type two EDR cells were cultured in phenol red-free 
RPMI1640 medium.

Real‑time RT‑PCR

Total RNA was extracted using IsoGen lysis buffer (Nip-
pon Gene, Toyama, Japan) according to the manufacturer’s 
instructions. Extracted RNA was converted to cDNA using 
a QuantiTect Reverse Transcription Kit (Qiagen, Valencia, 
CA, USA). Transcripts were detected using a Step One 
Real-Time PCR System (Applied Biosystems, Foster City, 
CA, USA). Relative copy numbers were calculated from a 
standard curve and normalized to housekeeping genes. The 
sequences of primers and probes were as follows: pS2, for-
ward, 5′-TCC CCT GGT GCT TCT ATC CTA A-3′; reverse, 
5′-ACT AAT CAC CGT GCT GGG GA-3′; PgR, forward, 
5′-AGC TCA CAG CGT TTC TAT CA-3′; reverse, 5′-CGG 
GAC TGG ATA AAT GTA TTC-3′; and IGF1R, forward, 
5′-GCA CCA ATG CTT CAG TTC CT-3′; reverse, 5′-CAG 
CGC ACA ATG TAG TAA CTC-3′.
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Western blot analysis

Cell lysates were prepared using Lysis-M Reagent (Roche 
Diagnostics GmbH, Mannheim, Germany) supplemented with 
Phos STOP phosphatase inhibitor cocktail (Roche Diagnostics) 
according to the manufacturer’s instructions. Extracted pro-
teins (5 µg) were separated using a 12% SDS–PAGE gel, and 
proteins were transferred to PVDF membrane. Protein expres-
sion was determined by Western blotting with specific antibod-
ies, and expression signals were detected on an ImageQuant 
LAS 4000 image analyzer (GE Healthcare Bio-Sciences AB, 
Uppsala, Sweden) using Immun-star HRP substrate (Bio-Rad).

Reporter plasmid construction and luciferase assays

Transient transfection of reporter plasmids was performed using 
Trans IT LT-1 Transfection Reagent (Mirus Bio LLC, Madi-
son, WI, USA) according to the manufacturer’s instructions. 
Briefly, cancer cells were grown to approximately 50% conflu-
ence in 24-well culture plates. Reporter plasmids (0.5 µg) were 
mixed with transfection reagent in serum-free medium and 
added to the culture medium. The vector pRL-TK (Promega 
Corporation) was also mixed with transfection reagent (internal 

transfection efficiency control) and incubated. After 24 h, cells 
were lysed and luciferase activity was determined using a Dual-
Luciferase Reporter Assay System (Promega Corporation).

Statistical analyses

Student’s t test was used to assess the significance of dif-
ferences between two groups performed in triplicate. Data 
were expressed as means ± SD. Probability value of < 0.05 
was considered significant.

Results

IGF signaling plays an important role 
in luminal‑type cell lines

We explored the expression levels of IGF1R as a marker 
for each subtype of breast cancer cell line. IGF1R mRNA 
levels were higher in luminal-type cell lines (MCF-7 and 
T-47D cells) than in non-luminal-type cell lines (SK-BR-3 
and MDA-MB-231) (Fig. 1a), and IGF1R protein expression 
corresponded to mRNA levels (Fig. 1b). We then evaluated 

Fig. 1   Effect of IGF1R inhibitor in breast cancer cell lines. a IGF1R 
mRNA expression levels in each breast cancer cell line were analyzed 
using qPCR and the expression was normalized to that of RPL13A. 
Results are presented as mean ± standard deviation (SD), and P < 0.05 
was considered significant. All experiments were performed indepen-
dently in triplicates. b IGF1R protein expression levels were analyzed 

using Western blotting with β-tubulin as protein loading control. c 
Cell proliferation assay of breast cancer cell lines treated with IGF1R-
selective tyrosine kinase inhibitor (ADW-742, 0.5 µM) was assessed 
relative to the negative control. Results are expressed as mean ± SD 
of the three independent experiments; *P < 0.05
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the efficacy of the IGF1R-selective tyrosine kinase inhibi-
tor, ADW-742, in the same cell lines. ADW-742 suppressed 
cell growth a greater extent to MCF-7 and T-47D cells than 
SK-BR-3 and MDA-MB-231 cells (Fig. 1c). These results 
and the well-known fact that luminal-type cell lines depend 
to a large extent on ER signaling suggest that growth sup-
pression caused by IGF1R inhibition in breast cancer cells 
may be related to ER signaling.

Inhibition of IGF1R had little influence on ER 
signaling in normal luminal‑type cell lines

To investigate the association between IGF1R inhibition and 
ER-related phenomena, we examined changes in ER activity 
in MCF-7 and T-47D cells using an IGF1R inhibitor. IGF1R 
inhibition suppressed cell proliferation in MCF-7 and T-47D 
cell lines (Fig. 1c), whereas no remarkable differences were 
observed in ER transcriptional activity in the estrogen response 
element (ERE)-luciferase assay (Fig. 2a). The mRNA levels of 
ER representative target genes, PgR and pS2, were unaltered 
(Fig. 2b). Furthermore, protein levels of total ER and phos-
phorylated Ser167 ER were unchanged (Fig. 2c), suggesting 
that growth suppression caused by IGF1R inhibition in breast 
cancer cell is independent of ER signaling.

IGF1R is a target gene of ER

We further examined the relationship between IGF1R inhibi-
tion and ER signaling. MCF-7 cells highly expressed IGF1R 
mRNA when cultured in RPMI 1640 medium supplemented 
with 5% FCS. MCF-7 cells were then cultured in estrogen-
depleted medium, with or without 1 nM estradiol. IGFR 
mRNA levels were decreased in cells cultured in estrogen-
depleted medium, but were increased in the presence of 
estradiol. Moreover, this increase was suppressed by the 
addition of 100 nM fulvestrant (Fig. 3a). Protein levels cor-
responded to mRNA levels (Fig. 3b), showing that IGF1R 
gene expression was regulated by estrogen and ER levels.

IGF1R functions as a compensatory pathway for ER 
signaling

Since IGF1R expression was shown to be controlled by ER 
signaling, we evaluated the contribution of IGF signaling 
via changes to ER signaling. The effects of IGF-1, an IGF1R 
ligand, were determined on cell proliferation, in static and 
estrogen-depletion states. In the estrogen-depleted state, 
IGF-1 dramatically increased relative growth compared 
within the static state (Fig. 3c), suggesting that IGF sign-
aling significantly contributed to cell proliferation under 

Fig. 2   Alteration of ER activity and target genes in MCF-7 and 
T-47D. a ER activity in luminal cells was measured using a luciferase 
reporter driven by the estrogen reporter element. b mRNA expression 
levels of ER target genes in luminal cell lines were analyzed using 
qPCR, and expression was normalized to that of RPL13A. Results 

are presented as mean ± SD. c Protein expression levels of total ER 
and phosphorylated Ser 167 ER were analyzed using Western blot-
ting with β-tubulin as protein loading control. Cells were cultured in 
RPMI 1640 medium supplemented with 5% FCS



276	 Breast Cancer (2019) 26:272–281

1 3

conditions of reduced ER signal, and acted as a compensa-
tory pathway for ER signaling.

Combined effect of IGF1R inhibition 
and suppression of ER signaling

We investigated the effect of IGF1R inhibition in combi-
nation with suppression of ER signaling, and examined 
changes in ER activity and representative target genes 
in MCF-7 cells. ER signaling was suppressed using two 
different methods: via administration of fulvestrant and 
by culturing cells in estrogen-depleted medium to mimic 
treatment with an aromatase inhibitor (AI). IGF1R inhi-
bition suppressed cell proliferation in MCF-7 cells after 
culturing in estrogen-depleted medium for 3 days (Fig. 4a). 
Surprisingly, ER transcription activity was aberrantly acti-
vated (Fig. 4b), and ER target genes showed a similar ten-
dency, although PgR showed no statistically significant 
difference (Fig. 4c). A combination of IGF1R inhibitor 
with fulvestrant suppressed cell proliferation to a greater 
extent than fulvestrant alone in MCF-7 cells (Fig. 4d). ER 
transcriptional activity did not differ between combined 

treatment and fulvestrant alone (Fig. 4e) and ER target 
genes were almost unchanged (Fig. 4f).

These results suggest that the combination of IGF1R 
inhibitor with suppression of ER signaling produced syn-
ergistic effects on cell proliferation. Moreover, the combi-
nation of IGF1R inhibitor with fulvestrant did not increase 
ER transcriptional activity or target genes.

IGF1R inhibitor potency in hormone‑resistant cell 
lines

We investigated the effects of IGF1R inhibition following 
acquired hormone resistance. We previously reported two 
clones of AI-resistant breast cancer models obtained from 
MCF-7-E10 cells after long-term estrogen depletion (EDR 
cells). Type 1 cells showed increased ER expression levels, 
whereas type 2 showed decreased levels. Type 1 EDR cells 
were more sensitive to the IGF1R inhibitor than type 2 cells, 
but were similar to MCF-7-E10 cells (Fig. 5a). Type 1 EDR 
cells were sensitive to fulvestrant, whereas type 2 cells were 
not, as ER expression decreased and its function almost dis-
appeared. Type 1 EDR cells showed a synergistic effect with 
combined IGF1R inhibitor and fulvestrant treatment, while 

Fig. 3   Crosstalk between ER and IGF signaling. a mRNA expression 
levels of IGF1R were analyzed using qPCR and expression was nor-
malized to that of RPL13A. MCF-7 cell lines were cultured in RPMI 
1640 medium (MCF7) supplemented with 5% DCC-FCS for 3 days 
[MCF-7(E2-)], with 1  nM estradiol [MCF-7(E2-) + E2] and with 
100 nM fulvestrant [MCF-7(E2-) + E2 + FUL]. Results are presented 
as mean ± SD of three independent experiments. b Protein expression 

levels of IGF1R were analyzed by Western blotting with β-tubulin 
used as protein loading control. c Cell proliferation assays of MCF-7 
treated with IGF1 (20 µg/ml) were measured relative to the negative 
control using cells cultured in RPMI 1640 medium with 5% FCS 
(static state) and with 5% DCC-FCS for 3  days (estrogen-depleted 
state). The results are expressed as mean ± SD of three independent 
experiments; *P < 0.05
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type 2 cells showed no significant effect (Fig. 5b). Next, 
we examined MFR cells derived from MCF-7-E10 cells 
that had lost ER expression. Compared with MCF-7-E10 
cells, MFR cells were not sensitive to the IGF1R inhibitor 
(Fig. 5c). In MFR cells, IGF1R mRNA levels were signifi-
cantly decreased (Fig. 5d) and protein levels corresponded 
to mRNA levels (Fig. 5e). These results suggest that IGF1R 
inhibition may be effective after acquired hormone resist-
ance when ER expression is maintained.

Discussion

Hormone therapy is well-established for use in ER-positive 
breast cancer. However, in some cases, acquired resist-
ance occurs after hormone therapy. This makes treatment 
extremely difficult; therefore, molecular targeting therapy is 
under development and is expected to help overcome hor-
mone therapy resistance [22, 23]. Here, we examined the 
possibility of using drugs targeting the IGF pathway to over-
come hormone therapy resistance in breast cancer cell lines.

We confirmed that IGF1R expression levels were higher 
in luminal cell lines and that they responded well to IGF1R 
inhibitors, thus indicating a role for IGF signaling in the 
ER signaling pathway. The promoter region of IGF1R 

Fig. 4   Combination effect of ER inhibition and IGF1R inhibitor. 
a Cell proliferation assay of MCF-7 cells cultured in RPMI 1640 
medium with 5% DCC-FCS for 3  days and treated with IGF1R 
inhibitor (ADW-742, 0.5  µM) was measured relative to the nega-
tive control. b ER transcription activity in MCF-7 cells cultured in 
medium with 5% DCC-FCS and not treated (N.C.) or treated with 
IGF1R inhibitor (ADW-742, 0.5  µM) was measured using a lucif-
erase reporter driven by the estrogen reporter element. c The mRNA 
expression levels of ER target genes in MCF-7 cultured in medium 
with 5% DCC-FCS and not treated (N.C.) or treated with IGF1R 
inhibitor (ADW-742, 0.5 µM) were analyzed using qPCR and expres-

sion normalized to that of RPL13A. The results are presented as 
mean ± SD. d Cell proliferation assay of MCF-7 treated with ful-
vestrant (500 pM) and a combination of fulvestrant (500 pM) with 
IGF1R inhibitor (ADW-742, 0.5  µM) was measured relative to the 
negative control. e ER transcription activity was measured in MCF-7 
treated with fulvestrant (500 pM) alone and with a combination of 
fulvestrant (500 pM) and IGF1R inhibitor (ADW-742, 0.5 µM). f The 
mRNA expression levels of ER target genes in MCF-7 treated with 
under the same conditions were analyzed using qPCR and expression 
normalized to that of RPL13A
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gene included several specificity protein 1 (Sp1) binding 
sites which is suggested to bind with ER and regulate gene 
expression by estrogen [24]. Although inhibition of IGF1R 
did not influence ER signaling under normal conditions, 
stimulation of IGF1R dramatically promoted cell growth 
under conditions of estrogen depletion. These results indi-
cate that IGF signaling has been controlled by ER signaling 
under normal conditions (Fig. 6a). Disruption of the estro-
gen supply resulted in a reduced dependence on ER signal-
ing, indicating that IGF signaling acts as a major compen-
satory pathway to maintain cell survival (Fig. 6b). Thus, it 
is logical to approach treatment by targeting and blocking 
both pathways.

To date, inhibition of ER signaling is achieved clinically 
via two main methods. One is the use of AIs, which block 
estrogen production from stromal cells. The other is the use 
of an estrogen receptor antagonist such as fulvestrant, which 
binds to the ERα and downregulates its expression. Next, we 
examined the combined effects of IGF1R inhibition with 
suppression of ER signaling using these two approaches. A 
synergistic effect on cell proliferation was shown. Surpris-
ingly, ER transcriptional activity was drastically activated 
and ER target genes were elevated only when estrogen pro-
duction was blocked. The differential increasing rates of ER 
activity and target genes were not always correspond well 
with each other, because the structure of promotor region 
in each ER target genes does not necessarily match with 
ERE-luciferase assay. This phenomenon of activation was 
not observed when cells were treated concomitantly with ful-
vestrant. This difference is likely attributable to the mecha-
nism of ER signal inhibition. Fulvestrant binds to ER with a 
high affinity and leads to ubiquitin–proteasome degradation, 
decreasing the amount of ER. By contrast, AI acts by block-
ing estrogen production, thereby functional ER remains. ER-
positive breast cancer cells highly depend on ER signaling, 
and once the major pathway is interrupted, they search for 
compensatory pathways, such as intracellular phosphoryla-
tion pathways, to survive. Activation of intracellular path-
ways occurs via the IGF pathway and other membrane recep-
tor pathways. These pathways may be rescued when ER is 
diminished and deactivated.

We next explored the efficacy of IGF1R inhibition using 
hormone therapy-resistant cell lines to identify a treatment 
for hormone therapy-resistant cases. In our previous study, 
we reported the establishment of several endocrine-resistant 
cell lines, including type 1 and type 2 EDR cells and MFR 
cells. Type 1 EDR cells were sensitive to the IGF1R inhibi-
tor, but the others were not. These results suggest that loss 
of ER due to long-term estrogen deprivation or long-term 
fulvestrant exposure leads to reduced IGF1R expression and, 
therefore, prevents IGF1R signaling (Fig. 6c, d).

Expression of ER in type 2 EDR cells decreased. We pre-
viously reported that type 2 EDR cells relied on ER-inde-
pendent and JNK-dependent mechanisms and hypothesized 
that IGF1R occurs via JNK activation [19]; nevertheless, 
type 2 EDR cells expressed lower levels of IGF1R and were 
less sensitive to the IGF1R inhibitor. This was indicated as 
the reason for differences seen in IGF1R inhibition. We pre-
viously used AG1024 as an IGF1R inhibitor, which had dif-
ferent specificities compared with ADW-742. AG1024 has 
a relatively wide spectrum and also inhibits insulin recep-
tor (IR) to some extent. Moreover, mitogenic effects of IGF 
occur via the IGF1R and the IR.

Glycometabolism is a well-known function of the IR and 
is specific to isoform B (IR-B), which is the classical form of 
IR that binds only insulin (Fig. S1). In contrast, a splice vari-
ant of the IR isoform A (IR-A) binds insulin and IGF-II and 
plays an important role in cell proliferation [25–28]. Here, 
we used ADW-742, which had a high specificity to IGF1R. 
As the JNK pathway plays a significant role in the prolif-
eration of breast cancer cells and increases reliance after 
estrogen deprivation resistance via ER-independent mecha-
nisms [29], activation of this pathway may be attributed to 
intracellular phosphorylation pathways, such as those seen in 
IR-A. Further, the existence of an IR/IGF1R hybrid receptor 
has been reported [30]. Pharmacological characteristics of 
hybrid-RA highly depend on proliferation owing to the affin-
ity of IGF. To date, some clinical trials using IGF1R inhibi-
tors have had poorer outcomes than expected [31]. This may 
be attributed to the existence of IR-A and hybrid-RA.

Considering these results together, IGF signaling is 
regulated by ER and promotes cell growth and prolifera-
tion under normal conditions (Fig. 6a). IGF signaling plays 
a critical role in proliferation and rescues ER signaling in 
the temporary absence of ER signaling (Fig. 6b). How-
ever, breast cancer cells become reliant on other signaling 
pathways when the expression and function of ER become 
diminished by long-term blockade of ER signaling. IGF1R 
inhibition may be useful after acquired AI resistance as long 
as ER expression is maintained (Fig. 6c). On the contrary, 
after fulvestrant resistance is acquired, IGF1R inhibition 
would not be effective due to loss of IGF signaling. Unfor-
tunately, there is currently no reliable method to specifically 
inhibit IGF1R, IR-A and hybrid-RA; however, the ability to 
distinguish between IR-A and IR-B could benefit patients 
with blockade of IGF signaling agents.

The limitations of this study are that all experiments of 
this study were conducted in vitro. Further study and inves-
tigation especially experiments in animals were needed to 
apply the IGF1R inhibitor in a clinical setting.

In summary, it is well-established that IGF signal-
ing plays an important role in breast cancer, especially in 



279Breast Cancer (2019) 26:272–281	

1 3

luminal-type; however, therapies targeting the IGF pathway 
have not yet been conducted at the bedside. Our study sug-
gests that inhibition of the IGF pathway may be a useful 
strategy for breast cancer with ER expressing cases, even 

with acquired AI resistance. These results offer new insights 
into the selection of patients suitable for effective treatment 
with these drugs.

Fig. 5   Effect of IGF1R inhibitor in endocrine-resistant cell lines. a 
Cell proliferation assay of estrogen deprivation-resistant cells (EDR) 
treated with IGF1R inhibitor (ADW-742, 0.5 µM) was measured rela-
tive to the negative control. The results are expressed as mean ± SD of 
three independent experiments; *P < 0.05. b Cell proliferation assay 
of EDR cells treated with fulvestrant (500 pM) alone and a combina-
tion of fulvestrant and IGF1R inhibitor (ADW-742, 0.5 µM). c Cell 

proliferation assay of MCF-7-derived fulvestrant-resistant (MFR) 
cells was measured. The results are expressed as mean ± SD of three 
independent experiments; *P < 0.05. d The mRNA expression levels 
of IGF1R were analyzed using qPCR and expression was normalized 
to that of RPL13A. e Protein expression levels of IGF1R were ana-
lyzed by Western blotting with β-tubulin as a protein loading control
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Fig. 6   Models of crosstalk for ER-positive cells with varied ER 
signaling. a In normal conditions, IGF signaling is mediated by ER 
signaling, including ligand-dependent pathways and phosphorylation 
signaling pathways in ER-positive breast cancer cells. b Temporary 
disruption to ER signaling leads to IGF signaling playing a critical 

role for cell proliferation. c In cases of AI resistance with remain-
ing ER signaling, IGF signaling still promotes cell proliferation con-
trolled by ER signaling. d In cases of hormone therapy resistance 
with loss of ER signaling, cell proliferation does not depend on IGF 
signaling
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