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Abstract

Purpose Interactions between HER2, estrogen receptor

(ER), and insulin-like growth factor I receptor (IGF1R) are

implicated in resistance to monotherapies targeting these

receptors. We have previously shown in pre-clinical studies

synergistic anti-tumor effects for co-targeting each pair-

wise combination of HER2, IGF1R, and ER. Strikingly,

synergy for HER2/IGF1R targeting occurred not only in a

HER2? model, but also in a HER2-normal model. The

purpose of the current study was therefore to determine the

generalizability of synergistic anti-tumor effects of co-

targeting HER2/IGF1R, the anti-tumor activity of triple-

targeting HER2/IGF1R/ER in hormone-dependent cell

lines, and the effect of using the multi-targeting drugs

neratinib (pan-HER) and BMS-754807 (dual IGF1R/in-

sulin receptor).

Methods Proliferation and apoptosis assays were per-

formed in a large panel of cell lines representing varying

receptor expression levels. Mechanistic effects were stud-

ied using phospho-protein immunoblotting. Analyses of

drug interaction effects were performed using linear

mixed-effects regression models.

Results Enhanced anti-proliferative effects of HER/IGF-

insulin co-targeting were seen in most, though not all, cell

lines, including HER2-normal lines. For ER? lines, triple

targeting with inclusion of anti-estrogen generally resulted

in the greatest anti-tumor effects. Double or triple targeting

generally resulted in marked increases in apoptosis in the

sensitive lines. Mechanistic studies demonstrated that the

synergy between drugs was correlated with maximal inhi-

bition of Akt and ERK pathway signaling.

Conclusions Dual HER/IGF-insulin targeting, and triple

targeting with inclusion of anti-estrogen drugs, shows

striking anti-tumor activity across breast cancer types, and

drugs with broader receptor specificity may be more

effective than single receptor selective drugs, particularly

for ER- cells.

Keywords HER2 � Insulin-like growth factor (IGF) �
Estrogen receptor (ER) � Breast cancer � Trastuzumab �
Neratinib

Abbreviations

ER Estrogen receptor

IGF1R Insulin-like growth factor I receptor

IGF Insulin-like growth factor

PI3K Phosphoinositide 3-kinase

TKI Tyrosine kinase inhibitor

4HT 4-Hydroxy tamoxifen

LME Linear mixed-effects

SERM Selective estrogen receptor modulator

SERD Selective estrogen receptor down-regulator

HER2 Human epidermal growth factor-like receptor 2

Background

There is cross-talk between HER2 and ER signaling in

breast cancer, and signaling by HER2/HER family recep-

tors is a mechanism of endocrine resistance [1]. We have

previously shown that in the ER?, HER2-overexpressing

human breast cancer BT474 cell line, the combination of
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trastuzumab plus tamoxifen results in synergistic anti-

proliferative effects, enhanced effects on cell cycle, and

reduction of clonogenicity, but not induction of apoptosis

[2]. However, combining a dual HER2/EGFR inhibitor

with anti-estrogens did induce apoptosis, and adding HER2

or dual HER2/EGFR targeting drugs to anti-estrogens in

the MCF7 ER? HER2-normal model elicited enhanced

anti-tumor effects for HER2/ER co-targeting that were not

dependent upon HER2 overexpression, including both

inhibition of proliferation and induction of apoptosis [3].

Some potential mechanisms of intrinsic or acquired

resistance to trastuzumab have been discovered. These

include tumor expression of truncated or cleaved forms of

constitutively activated HER2 lacking the trastuzumab-

binding extracellular domain [4, 5], constitutive activation

of the PI3K pathway [6–11], expression of MUC4 [12, 13],

signaling via src [14–16], a HER2 splice variant lacking a

16 amino acid exon in the extracellular domain [14, 17],

enhanced activity of other HER/EGFR family receptors

and/or expression of their ligands [18–21], and signaling by

the insulin-like growth factor I receptor (IGF1R) [22–25].

In addition, enhanced ER signaling has been implicated as

a potential mechanism of resistance to HER2-directed

therapy, particularly for the HER2/EGFR dual tyrosine

kinase inhibitor (TKI) lapatinib [26, 27]. Hence, either

HER2 or ER can mediate resistance to agents targeting the

other receptor system.

Several clinical trials have studied the effect of co-tar-

geting HER2 and ER in breast cancer patients with

HER2? or HER2-normal tumors, with somewhat disap-

pointing results [28–30]. Unlike what was expected from

pre-clinical models, thus far clinical studies have not

shown benefit for targeting HER2 in combination with

endocrine therapy for HER2-normal breast cancer, sug-

gesting that additional escape mechanisms exist. One such

escape mechanism may be IGF1R signaling. The IGF1R

interacts with both HER2 and ER signaling, and IGF1R has

been implicated in resistance to both HER2-directed ther-

apy [22, 24, 31, 32] and ER-directed therapy [33–35], and

in doubly anti-estrogen/anti-HER family drug resistance

[36].

Cross-talk and physical interaction of IGF1R with

HER2 has been described [31, 37]. Experimental overex-

pression of IGF1R results in IGF-I-mediated trastuzumab

resistance [24, 38]; cells cultured long-term in trastuzumab

to induce acquired resistance up-regulated endogenous

IGF1R, acquired a physical association between HER2 and

IGF1R, and IGF was able to induce HER2 cross-phos-

phorylation [31]. Clinically IGF1R has been found to be

associated with resistance to trastuzumab [22]. Bi-direc-

tional cross-talk and physical interaction of IGF1R with ER

has also been described [33–35, 39–49]. A kinome-wide

siRNA screen identified IGF1R and insulin signaling as

means of escape from the effect of estrogen deprivation in

estrogen-dependent breast cancer cells [32].

Co-targeting IGF1R is therefore a logical strategy to

enhance therapy aimed at targeting HER2, ER, or their

combination. IGF1R-targeted drugs to date have generally

not shown significant single agent activity. However, the

anti-apoptotic role of IGF1R in established tumors suggests

that it may be more effective to combine IGF1R targeting

with other therapies. We previously described co-targeting

HER2 and IGF1R in two cell culture models: BT474

(ER?, HER2?) and MCF7 (ER?, HER2-normal). We

found that such dual targeting resulted in disruption of

HER2/IGF1R cross-talk, synergistic inhibition of cell

proliferation, and induction of cellular apoptosis in the

HER2-overexpressing BT474 cell line model; most

remarkably, we also found that the cytotoxic effects of the

HER2/IGF1R combination targeting occurred as well in

the HER2-normal MCF7 cell line; HER2 over-expression

was not required for the synergistic killing effects of

HER2/IGF1R co-targeting [3, 50]. Targeting IGF1R was

able to bring about a dramatic anti-tumor effect of trastu-

zumab in a HER2-normal tumor model. These effects were

also reproduced using in vivo tumor xenografts with these

two cell line models [3].

We have similarly described anti-tumor effects of co-

targeting ER and IGF1R. We found that in vitro, co-tar-

geting ER/HER2 resulted in synergistic inhibition of cell

proliferation, but was cytostatic only, without induction of

apoptosis [2, 51]. We found that co-targeting ER/IGF1R

also produced enhanced inhibition of cell proliferation, but

one could now observe induction of apoptosis; in addition,

ER/IGF1R crosstalk was disrupted by co-targeting both

receptor systems [52].

Early clinical trial results have been reported for co-tar-

geting IGF1R with ER or HER2, with disappointing results.

The addition of the IGF1R therapeutic monoclonal antibody

AMG 479 to exemestane or fulvestrant did not improve

outcomes [53]. Similarly, the addition of the IGF1R anti-

body ganitumab to exemestane or fulvestrant did not

improve outcome [54]. The IGF1R therapeutic monoclonal

antibody cixutumumab did not improve the outcome of

treatment with lapatinib/capecitabine for HER2? breast

cancer patients previously treated with trastuzumab [55].

With respect to targeting ER, HER2, and IGF1R, it is

not clear why in the clinic disappointingly various two-

drug combinations are not giving more robust clinical

results. We address two potential reasons in the current

work. We hypothesize that the first reason is the 3-way

network of cross-talk amongst ER, HER2, and IGF1R,

providing escape mechanisms leading to resistance when

any two of these receptor systems are targeted. Hence, here

we describe experiments of triple-targeting ER, HER2, and

IGF1R.

38 Breast Cancer Res Treat (2017) 163:37–50

123



A second potential reason for lack of more robust clin-

ical results with HER2 or IGF1R targeting drugs involves

the contribution partner receptors. IGF1R may co-signal

with the insulin receptor (IR) and IGF1R and IR are highly

homologous, have some overlapping functions, and are

capable of forming hybrid receptors that can be activated

by ligands for either, signaling through both. Compelling

experimental evidence supports the hypothesis that both of

these receptors may need to be targeted to realize the full

anti-tumor effect of IGF1R-directed therapy [32, 56]. We

therefore compared the efficacy of a dual IGF1R/IR-tar-

geting drug, BMS-754807, to selective IGF1R targeting.

Similarly, since trastuzumab resistance may also arise from

excess signaling by other HER family receptors, one

approach to overcoming trastuzumab resistance is the

simultaneous inhibition of multiple HER family receptors.

Therefore, we also explored the anti-tumor activity of a

pan-HER family receptor TKI, neratinib (HKI-272).

Our previous results in a limited number of breast cancer

cell line models described above showed that synergy in

co-targeting HER2 and IGF1R was not dependent upon

HER2 overexpression, but occurred even in HER2-normal

cell lines, both in vitro and in vivo. The goals of the present

studies were therefore to (1) determine how generalizable

this phenomenon may be by examining a larger panel of

breast cancer cell lines representing various patterns of

receptor level of expression; (2) to study the effects of pan-

HER (neratinib) and IGF1R/IR dual targeting (BMS-

754807) drugs in this regard, and (3) to examine the effect

of triple-targeting HER2/ER/IGF1R in breast cancer

models.

Methods

Cell lines

MCF7 cells were a gift from Dr. Marc Lippman (Univer-

sity of Michigan). All other cell lines were obtained from

ATCC. For cell lines from ATCC, cells were carried not

more than 10 passages and not more than 3 months before

using new frozen stocks; therefore, repeat authentication in

our local laboratory was not performed; ATCC authenti-

cates cell lines using STR analysis (DNA profiling).

Cell culture

MCF7 cells were maintained in phenol red-free IMEM

with 10% charcoal-stripped fetal calf serum (Biosource),

1 nM estradiol added back, and penicillin, at 37 �C in 5%

CO2 humidified air; to maintain sensitivity of the MCF7

cells to the effects of estrogen and anti-estrogens, prior to

each experiment cells were cultured for 5 days in estrogen-

free medium; estradiol was then added back, with or

without experimental drugs, at the beginning of each

experiment. BT474, BT549, MDA-MB-231, MDA-MB-

453, T47D, ZR-75-1, and ZR-75-30 cells were cultured in

RPMI 1640 supplemented with 10% fetal bovine serum

(heat inactivated), 2 mM L-glutamine, 10 lg/ml insulin,

and penicillin at 37 �C in 5% CO2 humidified air. BT20,

MDA-MB-468, and MDA-MB-361 were cultured in

EMEM ? Ins ? Glu, DMEM/F12 ? Ins ? Glu, and

MEM ? Ins ? Glu, respectively.

Drugs

4-hydroxy tamoxifen (4HT) was purchased from Sigma

(St. Louis, MO). Fulvestrant (Faslodex, ICI 182,780) was

obtained from the Yale Cancer Center Medical Oncology

pharmacy. Trastuzumab was obtained from the Yale Can-

cer Center Medical Oncology pharmacy. BMS-754807 was

a gift from Bristol Myers Squibb (Plainsboro, NJ). Figitu-

mumab (CP-751,871) and neratinib were gifts from Pfizer

Inc. (Groton, CT).

Antibodies

Rabbit polyclonal antibody against AKT, phospho-AKT,

ERK1/2, phospho-ERK1/2, and PARP (poly ADP-ribose

polymerase) were from Cell Signaling Technology (Bev-

erly, MA). HRP-conjugated goat anti-rabbit IgG or goat

anti-mouse IgG was purchased from Santa Cruz Biotech-

nology, Inc (Santa Cruz, CA). Anti-ß-actin mouse mono-

clonal antibody was from Sigma.

Assays of proliferation and apoptosis

Cell proliferation was determined using the CellTiter-Glo

Luminescent Cell Viability Assay (Promega, Madison,

WI). For in vitro growth assays, cells (1 9 103/well) were

plated in 96-well plates and treated with the indicated

concentrations of the inhibitors for 5 days (time point

chosen to be prior to plateau for controls). On Day 6,

luminescence was read using the Envision plate reader.

Results were expressed as percentage of control (vehicle

DMSO-treated) cells. Results presented are mean ± SD

from three separate experiments done in triplicate. Apop-

tosis was assayed by the Annexin V assay, and by the

PARP cleavage assay, as described previously [50].

Immunoblotting

Cell extracts (40 lg protein/lane) were immunoblotted

with primary antibodies at a dilution of 1:1000, followed

by HRP-conjugated respective secondary antibody (1:1000

dilution). Bands were visualized with the enhanced
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chemiluminescence reagent (Amersham Pharmacia Bio-

tech) on X-ray film (Eastman Kodak, Rochester, NY). ß-

actin was used for loading control.

Analysis of drug interaction effects

Linear mixed-effects (LME) regression models were

used to evaluate the significance of superadditive syn-

ergistic effects of doublet and triplet drug combinations

for each cell line. All models had random intercepts to

account for variability between the triplicate experi-

ments. The fixed effects included terms to model the

main effect of individual drugs and interaction terms to

model the effect of drug combinations. The three within-

experiment replicates were used to estimate within

experiment error. All computations were performed in R

v. 3.0.2 [57]. LME regression analysis was performed

using package lme4 [58] and the 95% confidence inter-

vals of the estimates were computed from the likelihood

profile.

Results

Cell lines and drugs

A panel of representative breast cancer cell lines (Table 1)

was chosen to represent varying receptor levels for HER2,

IGF1R, and ER, as reported [59, 60]. Trastuzumab is a

humanized monoclonal antibody against HER2, while

neratinib is a pan-HER family TKI [61, 62]. Figitumumab

(CP-751,871) is a humanized monoclonal antibody against

IGF1R [63], while BMS-754807 is a dual-specificity TKI

that inhibits both IGF1R and insulin receptor. 4HT is a

selective ER modulator (SERM), while fulvestrant is a

selective ER down-regulator (SERD) with pure antagonist

effect against ER.

Effect of drugs on cell proliferation

The effects of single, double, and triple drug targeting of

the HER, IGF/insulin, and ER receptors were analyzed in

the panel of breast cancer cell lines; for ER-lines, only

targeting of HER and IGF/insulin was performed. Prelim-

inary dose–response experiments were performed for each

drug in each cell line (not shown). For the testing of drug

interactions using drug combinations, drugs were used at

approximately the IC75 dose for each individual cell line,

and therefore, drug concentrations in the combination

studies may differ between cell lines; the actual drug

concentrations used are shown in Fig. 1. In some circum-

stances, a given cell line was resistant to a drug; in that

case, for combination studies, the drug to which the line

was resistant was used at a concentration at the upper range

of the dose–response curve for cell lines sensitive to that

drug.

For ER- cell lines, in general, double targeting of HER

and IGF/insulin receptor families resulted in greater anti-

proliferative effects than single drug therapy (Figs. 1, 2).

However, this was not the case for all cell lines; BT20 cells

showed little anti-proliferative response for single or dou-

ble drug treatments. Some cell lines showed dramatic

responses for double drug therapy compared to single drug

therapy (e.g., MDA-MB-231 and MDA-MB-453 cell

lines). In general, as single drug therapy and in combina-

tions, the pan-HER TKI neratinib showed greater anti-

proliferative effects compared with trastuzumab, and the

dual IGF1R/insulin receptor TKI BMS-754807 showed

greater anti-proliferative effects compared with the IGF1R

antibody figitumumab; the combination of neratinib plus

BMS-754807 typically produced the greatest anti-prolif-

erative effect. The effects of drug combinations were not

predictable from receptor expression levels or from effects

of single drugs; for example, the MDA-MB-231 cell line

has low level expression of HER2, and would not be

expected to respond to HER2-directed drugs, but shows

striking effects of combining HER2-directed drugs with

IGF1R/insulin-directed drugs.

Table 1 Cell lines used for study, and their respective receptor status

Cell line ER HER2 IGF1R

BT474 ? High Low

ZR-75-30 ? High Low

MDA-MB-361 ? Mod-high High

T47D ? Low-mod High

MCF7 ? Low High

ZR-75-1 ? Low Low

MDA-MB-453 – Mod-high High

BT20 – Mod Low

MDA-MB-468 – Low-Mod High

MDA-MB-231 – Low High

BT549 – Low Low

IGF1R levels from [59], except for MDA-MB-468 cell line from [60]

cFig. 1 Anti-proliferative effects of drugs against panel of cell lines.

The upper panel shows the anti-proliferative effects of drugs against

ER- cell lines, and the lower panel against ER? cell lines.

H trastuzumab (Herceptin), N neratinib, CP figitumumab (CP-

751,871), BMS BMS-754807, 4HT 4-hydroxy tamoxifen, F fulves-

trant, V vehicle treated. Concentrations used for each cell line are

indicated in each panel. Percent of control (vehicle treated) prolif-

eration is given at the top of each bar. Error bars are SDs from three

different assays each done in triplicate
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Fig. 2 Two-way interaction plots for visualizing anti-proliferative

effects of doublet drug combinations. Shown are data for ER- (panel

A) and ER? (panel B) cell lines. The top row shows single-agent

effects and points on the grid show the effect of the corresponding

doublet combination. The average anti-proliferative effect is propor-

tional to the diameter of the filled circle and the open (red) circle

shows its 95% confidence upper limit
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For ER? cell lines, in general, double targeting resulted

in greater anti-proliferative effects than single drug ther-

apy, whether the dual targeting was HER and IGF/insulin

receptor pairing, ER and HER pairing, or ER and IGF/

insulin pairing (Figs. 1, 2), and in general triple targeting

gave greater anti-proliferative effects than double targeting

(Figs. 1, 3). Once again, the degree of combinatorial effect

differed for different cell lines, with, for example, ZR-75-

30 and MCF7 cell lines being particularly sensitive but ZR-

75-1 cells considerably less sensitive to the effect of drug

combinations.

For most of the ER? lines, there was little difference in

doublet efficacy between trastuzumab and neratinib; how-

ever, neratinib gave greater anti-proliferative effects com-

pared with trastuzumab in MCF7 cells, while the reverse

was the case in ZR-75-30 cells (Figs. 1, 2). The same was

true for the triple-targeting therapies, though neratinib also

had somewhat greater effect than trastuzumab for the ZR-

75-1 cell line (Figs. 1, 3).

For ER? lines, there was generally a slightly greater

effect with doublet therapy for BMS-754807 compared to

figitumumab, except for MDA-MB-361 cells for which it

was similar (Figs. 1, 2). For triple-targeting therapies, there

was a slightly greater effect for BMS-754807 as well

(Figs. 1, 3).

For some of the ER? cell lines (T47D, MCF7, ZR-75-

30), fulvestrant had slightly greater anti-proliferative effect

compared with 4HT in doublet therapy (Figs. 1, 2). For

most of the ER? cell lines, fulvestrant had the greater

effect in triple combination treatments (Figs. 1, 3).

Linear mixed effects (LME) regression analysis was

used to assess the significance of single agent effects and of

the degree of drug interaction and synergism for drug

combinations for anti-proliferative effects, accounting for

variation observed within and between experiments

(Fig. 4). The ‘‘main effect’’ of individual drugs shown at

the top of each forest plot represents the average percent

inhibition of the drug relative to vehicle control. Interaction

terms capture the effect of the first drug on the main effect

of the second drug, and vice versa. Statistically, an inter-

action term is defined as the difference between the main

effect of the second drug when given together with the first

Fig. 3 Three-way interaction plots for visualizing anti-proliferative

effects of triplet drug combinations. Shown are data for ER? cell

lines. Each triangular region on this plot corresponds to a triplet drug

combination. The effect of the doublet combinations is shown on the

edge connecting the two drugs and that of the triplet combination is

shown in the middle of the triangle having the three drugs at its

vertices. The average anti-proliferative effect is proportional to the

diameter of the filled circle and the open (red) circle shows its 95%

confidence upper limit
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drug minus the main effect of the second drug alone. A

zero interaction term between two drugs implies that the

main effect of either drug is not influenced by the other

drug or that the anti-proliferative activity of the two drugs

is additive. Thus, a positive interaction term implies a

synergistic combination and negative interaction an

antagonistic. Three-way interactions are interpreted in a

similar way: they capture the effect of a drug on the two-

way interaction of the other two drugs. If the estimated

95% confidence interval of a term does not cross 0, the

effect is considered statistically significant. For example as

seen in Fig. 4B, trastuzumab has a significant effect on ZR-

75-30 cells (32.7) but fulvestrant has a small, insignificant

effect (2.3). Yet, the interaction of these two drugs (39.1) is

highly significant, suggesting strong synergy between ful-

vestrant and trastuzumab in ZR-75-30. However, addition

of BMS-754807 reduces the interaction between fulves-

trant and trastuzumab to 9.7, resulting in a negative 3-way

interaction (-29.3). Therefore, although BMS-754807

contributes to the anti-proliferative effect of triplet therapy

with trastuzumab and fulvestrant, its effect is sub-additive.

This may be due to saturation as the triplet therapy resulted

in 100% inhibition of the cell line.

ER- cell lines generally showed sensitivity to all single

agents, except for BT20 cells which were not sensitive to

any single agent or doublet therapies (Fig. 4A). (Recall

however the caveat that different drug concentrations were

used for each cell line.) Using the LME regression analysis

to analyze drug interactions, among the HER targeting

drugs, trastuzumab generally did not show synergy in

doublet therapy when paired with either of the IGFR

inhibitors, but neratinib showed significant synergy with

both (Fig. 4A). Interestingly, although figitumumab was

not effective as a single agent in BT549 cells, it had a

significant superadditive synergistic effect in combination

with neratinib (Fig. 4A).

ER? cell lines were generally sensitive to single agent

treatments, with MDA-MB-361 cells being the most sen-

sitive (Fig. 4B), although doublet or triplet therapies did

not show any significant synergistic effects in MDA-MB-

361 cells. (Recall again the caveat that different drug

concentrations were used for each cell line.) BT474 and

MCF7 cells appeared to show the greatest drug combina-

torial effects for doublet treatments. Neratinib appeared

more synergistic when paired with BMS-754807 compared

to figitumumab, but not with either of the ER-directed

treatments. Trastuzumab was also slightly more synergistic

with BMS-754807 compared to figitumumab and also

when paired with 4HT compared to fulvestrant. Triple

combination treatments were generally effective but only

Fig. 4 Forest plots of the parameters estimated from the linear

mixed-effects regression analysis. Shown are data for the ER- (panel

A) and the ER? (panel B) cell lines. The size of the box is

proportional to the precision of the estimate and the lines show the

95% confidence interval of the estimate computed by the likelihood

profile of the mixed model. An effect is significant at the 5% level if

its confidence interval does not include 0
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combinations involving neratinib and fulvestrant with

either BMS-754807 or figitumumab showed significantly

superadditive synergistic effects in some of the ER? cell

lines (Fig. 4B). Note that in such analyses, it is statistically

a large hurdle to demonstrate synergy of adding a third

drug to a two-drug combination.

Induction of apoptosis

For selected cell lines displaying the most significant

effects of drug combinations, apoptosis assays were con-

ducted to compare the ability of singlet versus combina-

tions. For the ER- cell line MDA-MB-231, single agent

treatment with trastuzumab, neratinib, or BMS-754807 did

not elicit levels of apoptosis above the background, but

adding BMS-754807 to either trastuzumab or neratinib

resulted in marked levels of apoptosis, with approximately

90% of cells undergoing apoptosis by Annexin V assay

(Fig. 5). Greater levels of apoptosis with the combination

treatment were also observed by PARP cleavage assay

(Fig. 5). For ER- MDA-MB-453 cells, the same pattern

held true although the absolute levels of apoptosis were

somewhat less. Greater levels of apoptosis with the com-

bination treatment were also observed by PARP cleavage

(Fig. 5). In contrast, the same drug combinations did not

significantly induce apoptosis in the BT20 cell line by

either assay (Fig. 5).

For ER? BT474 cells, single agent BMS-754807 or

fulvestrant did not elicit levels of apoptosis above the

background, while trastuzumab and neratinib as single

agents caused a small degree of increased apoptosis

(Fig. 5); adding BMS-754807 to the HER2-targeting drugs

or to fulvestrant resulted in marked levels of apoptosis by

Annexin V assay, which were even higher for the triple

drug combinations. When analyzed by PARP cleavage,

generally enhanced apoptosis was seen for doublet therapy,

and the greatest degrees of apoptosis observed when BMS-

754807 was used in triplet therapy (Fig. 5). For ER? ZR-

75-30 cells, single agent BMS-754807 did cause a mod-

erate increase in apoptosis above background (Fig. 5),
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Fig. 5 Effect of drugs on induction of apoptosis in selected cell lines.

Apoptosis was measured for indicated cell lines by the Annexin V

(panels A and B) and PARP cleavage (panels C and D) assays.

V vehicle, H trastuzumab (Herceptin), N neratinib, F fulvestrant, BMS
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paired t test (Abacus, STATVIEW Program). In bar graphs, the

asterisks *, **, and *** indicate p\ 0.05, p\ 0.01, and p\ 0.005,
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which was slightly higher when combined with trastuzu-

mab, neratinib, or fulvestrant, and marginally higher for the

BMS-754807/neratinib/fulvestrant triplet. For MCF7 cells

(Fig. 5), similar patterns were observed, with moderate

increases above background for doublet therapies, and the

highest levels for triple drug therapy. When analyzed by

PARP cleavage (Fig. 5), generally enhanced apoptosis was

seen for doublet therapy, and the greatest degrees of

apoptosis observed when BMS-754807 was used in triplet

therapy.

Effects on signaling

For selected cell lines of interest displaying the greatest

effects of drug combinations, receptor downstream sig-

naling effects of singlet versus combinations were analyzed

by immunoblotting for levels of phosphorylated ERK and

Akt. For the ER- cell lines MDA-MB-231 and MDA-MB-

435, single agent HER or IGF/insulin targeting drugs

caused little to no suppression of levels of phosphorylated

ERK or Akt (Fig. 6). However, the addition of BMS-

754807 to either trastuzumab or neratinib elicited the

greatest suppression of levels of phospho-ERK and- Akt in

both cell lines. Such effects were not observed for the

BT20 cell line (Fig. 6). Hence, the anti-tumor effects in

these cell lines correlate with the ability of the drug com-

binations to suppress ERK and Akt signaling activity.

For ER? BT474 cells, adding BMS-754807 to trastu-

zumab or neratinib caused significant decreases in phos-

pho-ERK and phospho-Akt, and triple targeting with

fulvestrant caused the most marked decreases (Fig. 6). In

MCF7 and ZR-75-30 cells, the triple therapy also caused

the greatest decreases in phospho-ERK and Akt (Fig. 6).

Discussion

HER2, ER, and IGF1R signaling pathways interact exten-

sively, and resistance to therapeutic targeting of any one of

these signaling pathways in breast cancer can be achieved

by escape signaling in another. We previously published

studies of the anti-tumor effects of co-targeting each

Fig. 6 Effect of drugs on receptor downstream signaling in selected cell lines. Levels of total and phospho-AKT and ERK1/2 were determined

by immunoblotting, and ß-actin was a loading control. V vehicle, H trastuzumab (Herceptin), N neratinib, F fulvestrant, BMS or B BMS-754807
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possible dual-wise pairing of ER, HER2, and IGF1R. We

found that in vitro, co-targeting ER/HER2 resulted in

synergistic inhibition of cell proliferation, but was cyto-

static only, without induction of apoptosis [2, 51]. Co-tar-

geting ER/IGF1R produced enhanced inhibition of cell

proliferation, and one could now observe induction of

apoptosis; ER/IGF1R crosstalk was disrupted by co-tar-

geting [52]. Likewise, co-targeting HER2 and IGF1R

resulted in disruption of crosstalk, synergistic inhibition of

cell proliferation, and also induction of significant levels of

apoptosis [50]; most remarkably, these results occurred

even in breast cancer cells that do not have amplification or

overexpression of HER2 (MCF7 cells): HER2 over-ex-

pression was not required for the synergistic killing effects

of HER2/IGF1R co-targeting [50]. We have published

proof of concept in vivo experiments to further support

these initial observations.

Our results suggested that (1) co-targeting IGF1R in

addition to HER2 is a promising strategy for treating

HER2? breast tumors; (2) this strategy may also extend to

HER2 ‘‘negative’’ (i.e., HER2-normal) breast cancer; and

(3) triple-targeting IGF1R, HER2, and ER may be the best

anti-tumor strategy for ER? breast cancers. The purpose of

the present studies was to determine how generalizable

these phenomena may be by examining a larger panel of

breast cancer cell lines representing different breast cancer

subtypes, and to examine the effect of triple-targeting

HER2/ER/IGF1R. In addition, we sought to study the

effects of pan-HER (neratinib) and IGF1R/IR dual target-

ing (BMS-754807) drugs since signaling by other HER

family receptors may mediate trastuzumab resistance, and

inhibiting the IR may be necessary for a robust anti-tumor

effect of IGF1R targeting.

Our current results confirm the generalizability of our

prior observations, but not their universality. For 4 of the 5

ER- cell lines examined, we find enhanced effects of co-

targeting HER2 and IGF1R, once again even in cell lines

with low HER2 expression; however, one cell line (BT20)

was resistant to single agents or any doublet combination.

For the sensitive ER- cell lines, generally greater effects

were seen for the multiple receptor-targeting drugs (nera-

tinib, BMS-754807) compared to the mono-receptor-

specific drugs (trastuzumab, figitumumab). In ER? cell

lines, generally double and triple targeting produced

incrementally superior results, although the degree to

which drug combinations enhanced effects was variable

amongst the cell lines, and the potential advantage of the

multiple receptor-targeting drugs (neratinib, BMS-754807)

was not as consistent as it was for ER- cell lines.

The full factorial designs that we employed in this study

allowed us to apply standard statistical interaction models

to evaluate the significance of superadditive or synergistic

effects of combinations of treatments compared to the

effects of individual agents when used alone. Our results

suggest that selected targeted therapy drug combinations

may have dramatic synergy, even in settings where single

drugs are inactive, or where their activity is unexpected

(e.g., targeting HER2 in HER2-normal tumors). One hurdle

proposed for lack of more success in clinical trials of IGF-

targeting drugs is lack of biomarkers to guide patient

selection. However, success may also come from opti-

mizing drug combinations, and disabling the insulin-IGF

axis. Browne et al. showed enhanced effects of combining

trastuzumab with IGF1R inhibiting drugs in a panel of

HER2? cell lines [64], and the levels of IGF1R or phos-

phorylated IGF1R were not predictive of the response to

the combinations. Hou et al. have reported that BMS-

754807 synergizes in vitro and in vivo with tamoxifen,

letrozole, or fulvestrant in breast cancer models [65]; in

addition, the combination resulted in upregulation of

HER2, EGFR, and HER4, supporting our proposal that

triple-targeting, and inhibiting the entire HER axis, would

be of benefit. Our results support the notion that co-tar-

geting of the IGF/insulin-signaling axis and HER-family

axis may hold promise in treating breast cancers of various

subtypes, and triple targeting may be of benefit for a broad

spectrum of ER? breast tumors.
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