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Abstract

The transcription factor AP-1 is downstream of growth factor (GF) receptors (GFRs) and stress-

related kinases, both of which are implicated in breast cancer endocrine-resistance. Previously, we 

have suggested that acquired endocrine-resistance is associated with increased activity of AP-1 in 

an in vivo model. In the current report, we provide direct evidence for the role of AP-1 in 

endocrine-resistance. First, significant overlap was found between genes modulated in tamoxifen 

(Tam) resistance and a gene-signature associated with GF-induced estrogen receptor (ER) 

cistrome. Interestingly, these overlapping genes were enriched for key signaling components of 

GFRs and stress-related kinases and had AP-1 motifs in their promoters/enhancers. Second, to 

determine a more definitive role of AP-1 in endocrine resistance, AP-1 was inhibited using an 

inducible dominant-negative (DN) cJun expressed in MCF7 breast cancer cells in vitro and in 
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vivo. AP-1 blockade enhanced the anti-proliferative effect of endocrine treatments in vitro, 

accelerated xenograft tumor response to Tam and estrogen deprivation in vivo, promoted complete 

regression of tumors, and delayed the onset of Tam resistance. Induction of DN-cJun after 

development of Tam resistance resulted in dramatic tumor shrinkage accompanied by reduced 

proliferation and increased apoptosis. These data suggests that AP-1 is a key determinant of 

endocrine-resistance by mediating a global shift in the ER transcriptional program.

Implications—AP-1 represents a viable therapeutic target to overcome endocrine-resistance.

Introduction

Over 70–80% of breast cancers express estrogen receptor alpha (ER), which has been 

implicated in the etiology and progression of this disease. Endocrine therapy using different 

agents that block the estrogen (E2)/ER pathway has proven highly successful in the clinical 

setting. Tamoxifen (Tam) is a selective modulator of ER that is widely used for the treatment 

of pre and postmenopausal patients with all stages of ER-positive breast cancer [1]. 

Aromatase inhibitors (AI) in postmenopausal women block the synthesis of E2 and have 

become the treatment of choice for many of these patients [2, 3]. Despite their documented 

benefits, however, resistance is common in many women treated with both Tam and AIs, 

either early (de novo or intrinsic resistance) or after prolonged therapeutic intervention 

(acquired resistance). Understanding the mechanisms of ER signaling and resistance to 

endocrine therapy remain critical in order to improve outcomes of breast cancer patients.

ER is a member of the greater family of nuclear receptor transcription factors (TFs), which 

upon activation by E2, will then bind to DNA and regulate gene transcription by recruiting a 

complex of co-regulator proteins. Importantly, these co-regulators, as well as ER itself, 

undergo post-translational modifications in response to diverse cellular signals coming from 

tumor cells, the microenvironment, growth factor receptors (GFR), and stress-related 

kinases, with potential impact on signaling activity as a consequence [4–6]. These 

modifications can modulate ER transcriptional activity and result in ligand-independent or 

Tam-mediated activation of the receptor [7, 8]. ER can modulate gene transcription either by 

directly binding to DNA on sites that contain E2 response elements (ERE), or by tethering to 

gene promoters/enhancers via interaction with other TFs, such as AP-1 [9]. Interestingly, 

Tam can stimulate the ER/AP-1 complex rather than inhibit it [10]. Furthermore, the 

interaction of ER with AP-1 and other factors can be due to ligand-independent activation 

and, therefore, may not be susceptible to the estrogen lowering effects of aromatase 

inhibition [11].

The AP-1 transcription complex is a collection of dimeric proteins that belong to the Jun 

(cJun, JunB, JunD), Fos (FosB, Fra-1, Fra-2), Maf, and ATF subfamilies. AP-1 complexes, 

including those of cJun, regulate the transcription of genes involved in cancer cell 

proliferation, survival, and invasiveness [12, 13]. Levels and activity of the various members 

of the AP-1 complex are also regulated by multiple signals, including microenvironment 

stimuli, mitogenic GFRs, and stress-related kinases associated with tumor progression [14]. 

We have previously shown in pre-clinical models that development of endocrine-resistance 

is associated with oxidative stress and upregulation of EGFR and HER2 with activation of 
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downstream proliferation and survival pathways [15, 16]. Resistance is only partially 

overcome by targeting EGFR in these tumors, with similar observations in patients [17, 18], 

suggesting that other survival pathways also contribute to resistance. In addition, we also 

demonstrated that endocrine-resistance is associated with increased levels of phosphorylated 

cJun N-terminal kinase (JNK), a major regulator of cJun activity and phospho-cJun itself, 

resulting in augmented AP-1 transcriptional activity [16]. Similarly, increased levels of 

phospho-JNK, phospho-cJun, and enhanced GFR signaling have been observed in patients 

with Tam-resistant tumors [19, 20]. Additional in vitro data show that Tam-stimulated cell 

lines display higher levels of AP-1 DNA binding and transcriptional activity [21, 22] and 

that high expression of AP-1 dependent genes such as VEGF, Cyclin D1 and uPA predicts 

poor Tam response [22].

Interestingly, recent genome-wide profiling studies have demonstrated that hyperactive GFR 

signaling under E2-independent conditions can induce a global shift in the ER-DNA binding 

sites (cistrome), and in the ER transcriptional program from sites containing the ERE-motif, 

towards those enriched for AP-1 [11].

Based on this and the preliminary data summarized above, we hypothesized that the 

observed critical role of AP-1 in endocrine resistance is due to the reprogramming of the 

ER-cistrome under GFR hyperactivation. To test this and to provide additional evidence for 

the engagement of AP-1 within our model system of endocrine resistance, we performed in 
silico analyses that indeed suggested AP-1 as a major node integrating diverse signaling 

pathways that could be responsible for endocrine-resistance. These observations 

strengthened our hypothesis that inhibition of AP-1 may overcome endocrine-resistance. To 

test this hypothesis, we used an inducible DN-cJun to inhibit AP-1 activity in vitro and in an 

in vivo model of endocrine-resistance to both tamoxifen and estrogen deprivation mimicking 

aromatase inhibition. We demonstrate that AP-1 blockade increases tumor sensitivity to 

endocrine therapy, delays the onset of resistance, and causes dramatic tumor shrinkage, even 

after the full development of endocrine-resistance, through inhibition of both proliferative 

and survival signals.

Materials and methods

Reagents, Hormones, and Antibodies

E2 pellets (0.36-mg 60-day release) for in vivo studies were purchased from Innovative 

Research (Sarasota, FL). Tamoxifen citrate (Tam) for in vivo studies and 4-hydroxy 

tamoxifen (Tam) and 17-beta estradiol (E2) for in vitro studies were purchased from Sigma 

(St Louis, MO). Doxycycline was purchased from Sigma (St Louis, MO). Antibodies against 

phosphorylated (p)H3, Ki67, and Cleaved Caspase 3–7 were obtained from Millipore 

(Billerica, MA), Dako (Carpinteria, CA), and Cell Signaling (Danvers, MA) respectively. 

Antibody against cJun was from Oncogene Research Products (La Jolla, CA). Anti- Flag 

Tag antibody was from Sigma (St Louis, MO).
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Cells and Cell Culture Conditions

Stable MCF7 clones expressing the inducible TAM 67 DN-cJun (MCF7 Tet-off-TAM 67 

clones 62 and 67) or the control vector alone (EV 1 and 3) were obtained from the 

laboratory of Dr. Powel H. Brown in March 2007. MCF7 Tet-off-TAM 67 clones 62 and 67 

were phenotypically validated for inducible DN-cJun expression as previously described 

[25] and reported below. Similarly, MCF7 control vector alone (EV 1 and 3) clones were 

phenotypically validated for lack of inducible expression of DN-cJun. These cells were 

maintained in high-glucose Dulbecco’s modified Eagle medium (Gibco, Grand Island, NY) 

supplemented with 10% fetal bovine serum (Hyclone, Logan, UT), penicillin (100 IU/mL), 

streptomycin (100 μg/mL), Geneticin (G418; Gibco) (400 μg/mL), hygromycin (500 μg/mL) 

and doxycycline (2 μg/mL) (+Dox) to inhibit the expression of the DN-cJun under a 

humidified atmosphere of 5% CO2/95% air and at 37 °C, as described previously [32, 33]. 

For full induction of the DN-cJun, Dox was removed (−Dox) and cells were cultured in the 

presence of Tet System approved FBS (Clontech, Mountain View, CA). Low expression of 

the DN-cJun was obtained culturing cells in low Dox-containing media (+0.1 ng/ml). For 

experiments employing endocrine treatment, cells were cultured in in phenol red free 

medium containing 5% charcoal-stripped FBS (starvation medium) for 12 hours followed by 

endocrine therapy for 6 days.

Proliferation assays

To induce low or high levels of the DN-cJun, cells were first cultured for 4 days in medium 

containing Tet system approved FBS +/− Dox. Next, 3,000 cells/well were seeded in 96-well 

plates in starvation media with continuous exposure to Dox as before. Endocrine treatment 

was started 12 hours later (day 0) using 10−9 M E2, 10−7 M Tam, or 0.01% ethanol (to 

mimic ED). Cell growth was assessed at day 0 and 6 days post endocrine treatment as 

previously described [34]. Briefly, cell cultures were fixed with 4% glutaraldehyde and 

stained with 0.05% methylene blue. The dye was subsequently extracted with 3% HCl and 

absorbance measured at 655 nm. Growth fold change was determined by (O.D. 655 nm at 

six days/O.D. 655 nm at zero days) for each treatment. Experiments were executed in 

quadruplicate and were repeated at least two times. Results from a representative experiment 

are shown.

Immunohistochemistry

Tumor tissue was processed and immunohistochemical staining was performed as previously 

described [35]. Briefly, antigen retrieval was performed with 10 mM sodium citrate pH 6 

(for Flag antibody) or with Tris-HCl pH 9 (for Ki67, cleaved caspase 3, and phospho-H3) in 

a pressure cooker at full pressure for 10 minutes. Mouse IgGs were blocked using the 

M.O.M kit (Vector Labs, Burlingame, CA) according to the manufacturer’s 

recommendation. Anti-Flag antibody (1:100 dilution) was incubated overnight in a 

humidified chamber at 4°C while Ki67 (1:200), cleaved caspase 3 (1:50), and phospho-H3 

(1:400) were incubated for 1h at room temperature. Slides were then incubated with the 

secondary, biotinylated antibody for 30 min. Sections were then incubated with streptavidin-

peroxidase for 30 min and the enzyme was visualized after 15 min of incubation with 

diaminobenzidine. Nuclei were counterstained with hematoxylin before mounting. Markers 
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were scored by counting positive and negative cells in four randomly selected high power 

fields, and results were expressed as percentage of positive cells.

Protein Extracts and Immunoblots

Protein extracts and immunoblots were performed as previously described [34]. Briefly, cell 

cultures were harvested in lysis buffer (Cell Signaling Technology) supplemented with 10% 

glycerol, 1 mM phenylmethylsulfonyl fluoride, and 1x protease inhibitor mixture (Roche 

Molecular Biochemicals, Indianapolis, IN). Twenty-five μg of protein from each sample 

were separated under denaturing conditions by electrophoresis on polyacrylamide gels 

containing sodium dodecyl sulfate (SDS-PAGE) and transferred onto nitrocellulose 

membranes (Invitrogen, Carlsbad, CA, USA). Blots were blocked with appropriate blocking 

buffer and then reacted at 4°C with primary antibodies at dilutions as per the manufacturer’s 

directions overnight. Immunoblots were run in duplicate at a minimum, to confirm results.

Xenograft Studies

Xenografts were established by injecting 15–20 × 106 cells subcutaneously into 

ovariectomized 5- to 6-week–old athymic female mice (Harlan Sprague Dawley, Madison, 

WI) that had been supplemented with 0.36-mg 60-day–release E2 pellets (Innovative 

Research) and with Dox (200 μg/ml in the drinking water), as described [33]. When 

xenografts of the MCF7 Tet-off derivatives reached a size of 150–200 mm3 (2–4 weeks), 

mice were randomly allocated to continued E2 treatment or to E2 withdrawal (by removal of 

the E2 pellets) alone or in combination with Tam treatment (500 μg of Tam citrate, 

administered subcutaneously in peanut oil for 5 days/wk); all in the presence or in the 

absence of Dox (n= 11–18 mice per treatment group for Clones 62 and 67; n=7–10 mice per 

treatment group for clone EV3). When tumors reached a volume of 1000 mm3, mice were 

sacrificed by cervical dislocation under general anesthesia and tumors were harvested unless 

Dox removal was applied (see below). Each mouse carried a single tumor; a portion of the 

tumor tissue was fixed and embedded in paraffin for immunohistochemical analyses. In a 

few cases, DN-cJun was induced later by Dox removal at time when tumor progressed on 

long-term Tam treatment. These mice were followed for additional 4–6 weeks for tumor 

response. Since no tumor progression on Tam treatment in normal AP-1 conditions (+Dox) 

was seen in clone 62 in a first experiment, a second experiment was launched to allow for 

“late Dox removal” at the time of resistance to Tam for this clone. Animal care was in 

accordance with institutional guidelines.

Computing growth factor-induced ER/AP-1 dependent gene signature associated with 
Tam-resistance

Our previously described gene signature of MCF7 xenografts that acquired Tam resistance 

[15] was intersected with a list of genes putatively associated with growth factor (EGF)-

induced ER binding sites (EGF-induced ER cistrome) recently identified with genome-wide 

chromatin immunoprecipitation using ER antibody followed by DNA microarray analysis 

(ChIP on-Chip) [11]. Genes putatively associated with sites of EGF-induced ER binding 

were defined as genes from the RefSeq database that have a functional ER binding site 

within 20 kilobases upstream or downstream of their transcription start site. ER binding sites 

were defined as high-stringency EGF-induced sites (FDR 1%) that fail to recruit ER 
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following E2 treatment based on the low-stringency E2-induced ER cistrome as previously 

described (FDR 20%) [11]. To identify the list of genes putatively associated with EGF-

induced ER binding sites that harbour an AP-1 motif, we restricted the previous analysis to 

sites containing the AP-1 motif (TRANSFAC: M00926.AP-1; PSSM score>5). Enrichment 

of the genes in our MCF7 xenograft Tam-resistant signature within the list of genes 

putatively associated with EGF-induced ER binding sites was tested using a one-sided 

Fisher’s exact test. Ingenuity pathway analysis software (Ingenuity Systems Inc., Mountain 

View, CA, USA) was further used to identify the top biological networks represented by the 

Tam-resistant upregulated ER/AP-1 gene signature. In brief, the list of the upregulated Tam-

resistant genes overlapping with the list of genes putatively associated with the EGF-induced 

ER cistrome (n=93 genes) was uploaded into the web application www.ingenuity.com and 

an analysis was run. The two top-scoring networks were merged into a single network and 

the visualization tool was used to display graphically both the relationship among the genes 

in the list and also the relastionship between the same genes and other molecules in the 

Ingenuity database.

Statistical Analysis

On the basis of our previous studies in similar xenograft models [36], time to tumor 

doubling (TTD) was defined a priori as the time when tumor volume had increased 2 times 

from the value measured at the time of randomization for each mouse; time to response 

(TTR) was defined as the time when tumor volume had decreased to half from 

randomization. Complete tumor regression was defined as complete tumor disappearance 

(no palpable nodule or no measurable disease) for at least 2 consecutive measurements, and 

time to complete response (TCR) was defined as the time when complete tumor regression 

was observed. The Kaplan–Meier method was used to determine the median TTD, median 

TTR and median TCR. All P values for the xenograft studies were based on comparisons of 

variables among groups by use of the generalized Wilcoxon test. Complete tumor regression 

rates at day 100 and 95% confidence intervals were calculated for each group of animals. 

The two-sample t test or Wilcoxon rank sum test was used for two-group comparisons of 

tumor proliferation and other immunohistochemically-assessed biomarkers. All statistical 

tests were two-sided.

Results

A gene signature of ER/AP-1 cooperation is enriched in signaling pathways known to be 
involved in endocrine resistance

We have previously shown in our MCF7 xenograft model that acquired Tam resistance is 

driven in part by GFR signaling with repression of classic ER genomic activity [15]. Indeed, 

GFRs, including Epidermal Growth Factor Receptor (EGFR), and their downstream kinases 

are implicated in the development of endocrine resistance [15, 23, 24]. In addition, our work 

as well that of others have provided evidence that AP-1 transcriptional activity is augmented 

in endocrine-resistant breast cancer [16, 19, 21]. Recent studies mapping ER cistromes using 

the ChIP-on-chip technology, showed that the ER-DNA binding sites in the presence of EGF 

and in the absence of E2 were completely distinct from those induced by E2. This altered 

genomic activity of ER depended on AP-1 DNA-binding sites and on AP-1 transcriptional 
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activity [11]. We therefore hypothesized that the observed role of AP-1 in endocrine-

resistance may be related to the reprogramming of the ER cistrome under GFR activation. 

To this end, we intersected our previously developed Tam-resistant MCF7 xenograft gene 

signature [15] and the list of genes putatively associated with the EGF-induced ER cistrome 

(Figure 1A). We found a significant enrichment of the genes associated with the EGF-unique 

ER DNA-binding sites within our Tam-resistant (Tam-R) signature [p=2E-16 (upregulated) 

p=7E-7 (downregulated), one-sided Fisher’s exact test] (Figure 1A and B). Remarkably, 

92% of these DNA-binding sites harbored an AP-1 motif (Figure 1C) (gene lists are 

provided in Supplementary Tables 1 and 2). To explore the potential biology underlying this 

gene list, we next analyzed the list of the 93 Tam-R upregulated overlapping genes by 

network analysis, which enables visualizing relationships among molecules. Interestingly, 

merging of the three most represented networks in this analysis showed a network 

comprising signaling molecules, GFRs, ligands, microenvironment and stress-related kinase 

pathways thought to be important in breast cancer endocrine resistance, including TGFB1, 

VEGF, PDGF, ERBB2, IL1R, PI3K, AKT, PKC, ERK1/2, JNK, p38 MAPK, FOS, NFkB, 

among others (Figure 1D).

DN-cJun expression inhibits MCF7 cell proliferation and potentiates the effect of endocrine 
treatment in vitro

To more directly study the functional role of AP-1 in endocrine-resistant breast cancer, we 

adopted a genetic approach using an inducible dominant negative-cJun (DN-cJun). The DN-

cJun mutant is a deletion form of the human cJun lacking the transactivation domain (named 

Trans Activation Mutant-TAM-67) [25]. The DN-cJun is expressed in this cellular system 

upon doxycycline (Dox) removal, leading to inhibition of AP-1 activity by dimerizing with 

wild-type AP-1 protein to produce low-activity dimers containing only one transactivation 

domain. Two clones stably expressing the inducible flag-tagged DN-cJun (MCF7 Tet-off 

TAM-67, clone 67 and 62) were previously described and used for these studies [25]. The 

effect of AP-1 blockade on endocrine treatment was assessed under the induction of low and 

high levels of DN-cJun using various Dox concentrations in the cell growth media. Figure 

1E demonstrates a gradual induction of DN-cJun in cell lysates of clone 62 upon titering 

down the Dox concentration for four days. Decreasing Dox concentrations in the culture 

medium to 1 ng/ml were still able to fully inhibit the expression of DN-cJun. Low levels of 

the DN-cJun were first detected in the presence of 0.1 ng/ml Dox and were fully induced 

upon complete Dox withdrawal (−Dox).

Clone 67 and 62 grown in the presence of 1 ng/ml of Dox (normal AP-1), 0.1 ng/ml Dox 

(partially impaired AP-1), or absence of Dox (maximally impaired AP-1), were treated for 

six days with E2, E2 deprivation with ethanol (ED), or ED with Tam, and cell proliferation 

was then assayed. Two vector-alone stably transfected clones (EV) were used as controls. In 

the presence of normal AP-1, all clones showed significant and substantial growth inhibition 

by both ED and Tam treatments, though the degree of sensitivity, as expected, varied 

somewhat among the clones (Figure 1F). Dox withdrawal resulted in no significant changes 

in EV control clones. In contrast, in the DN-cJun clones, a gradual decrease in proliferation 

was observed upon increasing expression of DN-cJun in cells treated with E2 or with 

endocrine therapy (Figure 1F). Most importantly, maximal impairment of AP-1 (−Dox) 
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resulted in the induction of cell death only in conjunction with endocrine treatment (ED and 

Tam), as shown by the substantial decrease in cell numbers at the completion of the 

treatment (day 6) compared to baseline (day 0). These data show that AP-1 inhibition 

significantly adds to the inhibitory effects of endocrine therapy in vitro, and that this effect 

on tumor inhibition was most pronounced in the presence of antiestrogen treatment.

Expression of DN-cJun augments the response to endocrine treatment in vivo

To determine whether the effects of AP-1 blockade on endocrine sensitivity observed in 
vitro were also observed in the in vivo setting, we next studied xenografts of the MCF7 Tet-

off DN-cJun, clone 67 and 62 cells in mice treated with endocrine therapy. Xenograft tumors 

of clone 67 and clone 62 cells were established in the presence of E2 and Dox 

supplementation. When tumors reached 150–200 mm3 in size, mice were randomized to 

control (continued E2 supplementation), or endocrine treatment with ED alone or ED plus 

Tam, either in the presence (normal AP-1) or in the absence (impaired AP-1) of Dox. 

Inhibition of AP-1 improved response to endocrine therapy by significantly shortening time 

to tumor response (TTR), defined as time to tumor size halving from randomization, in the 

Tam-treatment arms for both clones (Figure 2A, B) and the ED arm for Clone 62, with a 

trend towards significance for Clone 67 (Figure 3A, B) (Table 1) (Clone 67: Tam p= 0.006 

and ED p= 0.068; Clone 62: Tam p= 0.014 and ED p= 0.0006).

More importantly, AP-1 inhibition together with endocrine therapy caused complete 

disappearance of many tumors and also significantly shortened the time to complete 

response (TCR), defined as the time from randomization to complete regression of the 

tumors in the Tam-treated mice for both clones (Figure 2C, D) and the ED-treated mice for 

Clone 62, but not Clone 67 (Figure 3C, D) (Table 1) (Clone 67: Tam p= 0.0034 and ED p= 

0.7; Clone 62: Tam p= 0.001 and ED p< 0.0001). About 33% of Clone 67 and 73% of Clone 

62 tumors in mice treated with Tam plus DN-cJun were undetectable after 100 days of 

treatment compared to 0% and 20%, respectively, of tumors in mice treated with Tam alone. 

Similar data were observed in Clone 62 mice treated with ED (percentage of complete 

response [%CR] at day 100: 85.7% vs. 0% in ED+ DN-cJun vs. ED alone, respectively) 

(Table 1). Finally, in clone 67 in which acquired resistance to Tam and tumor progression 

were detected within 200 days, DN-cJun (−Dox) in combination with Tam significantly 

delayed the onset of Tam resistance by prolonging the time to tumor doubling (TTD), (p= 

0.0028) (Figure 2E) (Table 2). At day 200, no tumors had developed resistance and 

progressed with Tam plus the DN-cJun compared to half of those treated with Tam alone.

In contrast to the in vitro data, inhibition of AP-1 in E2-treated mice had no effect on tumor 

growth as measured by TTD (Figure 3E, F) (Clone 67 p= 0.3 and Clone 62 p= 0.6) (Table 

2), suggesting that increased AP-1 activity becomes relevant only in tumors from mice 

treated with endocrine therapy where AP-1 may function as an escape pathway to 

circumvent ER blockade.

To ensure that the observed growth delay was not due to Dox treatment itself, we inoculated 

mice with an MCF7 subclone that is stably transfected with vector alone (EV3) and then 

randomized them to E2-treated control or endocrine treatment either in the presence or the 

absence of Dox. As expected, no significant differences in growth were observed with or 
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without Dox (suppl. Figure 1A, 1B, 1C) (suppl. Table 3 and 4) (Tam+Dox vs. Tam−Dox: 

TTR p= 0.144; TCR p= 0.196; TTD p= 0.5; ED+Dox vs. ED−Dox: TTR p= 0.771; TCR p= 

0.597; E2+Dox vs. E2−Dox: TTD p= 0.871)

DN-cJun expression overcomes the growth of endocrine resistant tumors in vivo by 
eliciting a cytotoxic effect

In order to study the effects of AP-1 inhibition in tumors that had already developed 

resistance to endocrine therapy, we induced the expression of the DN-cJun at a later time 

point when tumors were growing on endocrine therapy. To this end, we identified tumor 

pairs of either Clone 67 or Clone 62 with similar size and/or growth characteristics that were 

either slowly growing or more rapidly progressing after long-term (>10 months) Tam 

treatment in the presence of Dox (normal AP-1). Mice from different experiments bearing 

these “paired tumors” were allocated to either continued Dox or Dox withdrawal to induce 

the expression of the DN-cJun, all in the presence of continued Tam treatment. Although 

these tumors displayed diverse and heterogeneous growth characteristics under Tam, all the 

tumors in the Dox-withdrawal group showed shrinkage within 4–6 weeks after DN-cJun 

induction (Figure 4). In contrast, tumors in mice in the control group (+Dox) remained 

stable in size or continued to grow over the same time frame, confirming that the effect 

observed in the Dox-withdrawal group was due to AP-1 inhibition.

To understand the mechanisms by which AP-1 blockade inhibits Tam-resistant growth, 

tumor samples from mice in the Tam+/− Dox groups (7–10 tumors per treatment group) 

were assessed by immunohistochemistry (IHC) for apoptosis (cleaved caspase 3–7: CC3-7) 

and proliferation (Ki67 and phospho-histone 3: pH3). Expression of the DN-cJun was 

assessed using IHC with an anti-Flag antibody. Importantly, control tumors from the E2-

supplemented mice +/− Dox were also assayed in parallel. As expected, expression of the 

DN-cJun was detected only in −Dox conditions as shown by IHC staining with an anti-Flag 

antibody (Figure 4C) [and further confirmed by Western blotting using a cJun antibody 

(Supplementary Figure 1D)]. AP-1 inhibition reduced proliferation and increased apoptosis 

in association with Tam compared to Tam alone (average Ki67 expression: 51% vs. 34.7%, 

p= 0.04; average pH3 expression: 2.9% vs. 1.6% p= 0.006; average CC3-7 expression: 2.4% 

vs. 7.4% in Tam+Dox vs. Tam −Dox, p= 0.01). No significant differences in apoptosis or 

proliferation rates were detected in E2-treated mice +/− Dox (Figure 4B and C).

Taken together, these findings strongly suggest that AP-1 activity functions as a 

compensatory pathway when ER signaling is blocked and can thereby mediate resistance to 

Tam and ED in this model. Furthermore, AP-1 inhibition can reverse the endocrine-resistant 

phenotype in vivo both by inhibiting tumor cell proliferation and by eliciting a cytotoxic 

effect.

Discussion

Multiple pathways, including GF, stress, and those originating from microenvironmental 

stimuli have been proposed to mediate intrinsic or acquired resistance to endocrine therapy. 

Previous work from our group and others has provided evidence for increased JNK/AP-1 

pathway activity and GFR signaling in endocrine resistance [16, 19–22]. Our data support 
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the concept that AP-1 may integrate signals from multiple pathways that cause endocrine 

resistance and that inhibition of AP-1 function is a very effective strategy for improving 

sensitivity and overcoming resistance to endocrine therapies. We show that there is a 

significant overlap between the gene signature of Tam-resistant MCF7 xenografts [15] and 

the gene signature associated with the EGF-induced ER cistrome [11]. Most of these 

overlapping genes have an AP-1 motif in their promoter/enhancer regions. Interestingly, the 

upregulated overlapping genes belong to a network of GFRs, stress-related kinases, and 

signaling molecules activated by the microenvironment, all of which have been implicated in 

endocrine resistance [26]. These data suggest that AP-1, by engaging altered ER-dependent 

genomic networks, may act as a major node integrating diverse signaling pathways 

mediating endocrine resistance. Indeed, in our in vivo breast cancer model of endocrine 

resistance, blockade of AP-1 function by DN-cJun leads to accelerated response to 

endocrine treatment, a higher response rate, a remarkably higher complete tumor 

disappearance rate, and a marked increase in the time to treatment resistance in endocrine-

sensitive tumors. Furthermore, blocking this pathway after the development of endocrine 

resistance restores Tam sensitivity by inducing apoptosis and reducing cell proliferation. Our 

in vivo data from the DN-cJun model suggests that AP-1 is indeed crucial for the 

development of endocrine resistance since AP-1 blockade does not allow tumors to progress 

whilst undergoing endocrine treatment. Moreover, our study suggests that AP-1 is 

fundamental for sustaining the resistant phenotype, since AP-1 blockade completely reverses 

the progression and growth of long-term Tam-treated tumors, without any significant effects 

on E2-stimulated growth.

Other evidence suggests that AP-1 plays an important role in breast cancer biology and ER 

function. cJun overexpression in breast cancer cells induces changes correlating with an 

aggressive and invasive phenotype, promotes tumor formation in mice, and leads to reduced 

sensitivity to Tam [27]. AP-1 DNA-binding activity is significantly elevated in sub-lines of 

hormone-independent MCF7 tumors stimulated in vivo by Tam [16, 21], as well as in Tam-

resistant patient samples [19]. In ER-positive cells, continuous exposure to Tam can induce 

ER agonistic activity at AP-1-regulated promoter sites [28]. Indeed, it is well known that ER 

has non-classical genomic functions where it does not make direct contact with DNA on 

ERE sites, but rather is tethered to gene promoters/enhancers via interaction with other 

transcription factors such as AP-1, NFκB and others [9]. This ER function regulates the 

expression of genes that are critical for proliferation, survival, and growth. In this form of 

gene regulation, ER is known to modulate the expression of a distinct set of AP-1-dependent 

genes [29]. Indeed, AP-1 is a transcription factor downstream of diverse mitogenic, survival, 

and stress stimuli, including GFR and stress-related kinase signaling, implicated in breast 

cancer endocrine resistance. Interestingly, recent systematic analysis of ER cistromes under 

growth factor stimulus (EGF) in the absence of E2 showed that EGF induces the modulation 

of a distinct set of ER-dependent genes which are also dependent on AP-1 [11]. In our 

analysis, a large fraction of genes modulated in our in vivo Tam-resistant signature have an 

AP-1 binding site in their regulatory promoter/enhancer regions, thus suggesting that 

reprogramming of ER nuclear genomic function through its binding to AP-1 sites might be a 

feature of endocrine therapy resistance. Of note, gene network analysis of the 93 ER/AP-1-

dependent genes that are upregulated in our Tam-resistant signature implicated several 
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different signaling pathways, which have been previously shown to be important in 

endocrine resistance. The multiplicity and diversity of these pathways may explain why 

inhibition of just EGFR has only a partial effect in overcoming Tam resistance [15] while 

inhibition of AP-1, in the present study, results in a more dramatic effect in this model 

including complete tumor regression in mice.

It has previously been shown that DN-cJun induces growth arrest in E2-treated tumors in 
vitro and in vivo [30]. Although we confirm these results in vitro, we did not observe the 

same results in vivo. The most likely explanation for the discrepancy is different 

experimental conditions under which the in vivo studies were conducted. In our experiments, 

AP-1 blockade was induced when tumors were larger in size. Therefore, established 

xenograft tumors in the presence of E2 may be less dependent on AP-1. In contrast, Tam-

resistant tumors responded well to AP-1 blockade, suggesting that AP-1 may play a role that 

is relatively specific to endocrine-resistant growth, consistent with our prior observation that 

AP-1 transcriptional activity is much greater after Tam resistance has developed.

Based on the data presented here, we propose the following working model (Figure 5). In 

endocrine-sensitive cells, E2 regulation of gene transcription is mediated predominantly by 

ER interaction with ERE DNA-binding sites (classic nuclear/genomic activity). In response 

to endocrine therapy, AP-1 becomes a major determinant of transcription for diverse 

adaptive pathways responsible for resistance. These multiple pathways, including ER itself,, 

converge on AP-1 to enhance its activity, which in turn activates a molecular shift in the ER 

genomic network to facilitate an AP-1/ER-dependent transcriptional program. This 

reprogrammed AP-1-dependent ER genomic activity is at least partly responsible for the 

crucial role of the AP-1 transcriptional complex in mediating endocrine resistance.

Furthermore, these data support the need to develop new drugs to enhance endocrine 

treatment or to overcome resistance in breast cancer. Compounds with a “DN-cJun-like” 

activity are potentially promising novel drugs to be tested in combination with endocrine 

treatment. Alternative treatment strategies to target AP-1 might rely on direct inhibition of 

AP-1 function by the recently described cJun DNA-zyme [31]. Finally, these data also 

suggest the need for the development of new biomarkers of endocrine resistance that would 

indicate activation of the AP-1 pathway. These AP-1-specific candidate genes might also 

provide novel targets to prevent or reverse endocrine resistance.

Future comprehensive studies including the establishment and integration of ER and AP-1 

cistromes in cell line and tumor models are warranted in order to gain a more mechanistic 

insight into AP-1 role in endocrine resistant breast cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A) Venn diagram depicting the significant overlap between our Tam resistance gene 

signature and a list of genes putatively associated with EGF-induced ER binding sites (ER-

cistrome). B) Bar chart showing that the number of intersecting genes is significantly higher 

than what would be expected by chance alone. C) Pie chart showing that the vast majority of 

overlapping genes (93/103 of the genes upregulated in TamR and 40/42 of the genes 

downregulated in TamR cells) harbored an AP-1 motif within 20Kb of their transcription 

start site. D) Network analysis of the overlapping genes shows key components of GFR, 

microenvironment and stress signaling pathways. Molecules shaded in yellow were part of 
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the dataset and molecules in light blue were added from the Ingenuity Knowledge Base, a 

database containing information extracted from the scientific literature about interactions 

among molecules. Dashed or solid lines indicate indirect or direct interactions, respectively. 

Molecules are pictured in different shapes according to their protein function, if applicable, 

as detailed in the gray box. E) Western blot (WB) analysis of protein lysates from clone 62 

cells following either four days of treatment with different concentration of doxycycline 

(Dox) or cultured in parental media without Dox. The expression of flag-tagged DN-cJun is 

induced by Dox withdrawal (full length blots are presented in Supplementary Figure 2). F) 

EV control clones (upper panel), and Clone 62 and 67 cells (lower panel) were treated and 

assayed for proliferation as described in methods. Bars in the graphs show back-transformed 

means of log-transformed ratios of optical density (O.D.) measured at day 6/O.D. at day 0; 

whiskers represent 95% confidence intervals.
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Figure 2. 
Mice bearing xenograft tumors of either clone 67 (A and C) or clone 62 (B and D) cells were 

randomly allocated to continued E2 supplementation, ED, or ED in combination with Tam, 

either in the presence or in the absence of Dox to induce DN-cJun expression causing AP-1 

blockade. In the Tam-treated group, inhibition of AP-1 significantly reduced time to tumor 

response (TTR) (A and B), and time to complete response (TCR) (C and D). Tam-treated 

Clone 67 tumors also showed significant prolongation in time to tumor doubling (TTD) (E), 

when AP-1 function was impaired.

Malorni et al. Page 17

Mol Cancer Res. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Inhibition of AP-1 in ED-treated mice significantly reduced time to tumor response (TTR) 

(A and B) and time to complete response (TCR) (C and D) for Clone 62 but not Clone 67. 

However, in E2-supplemented mice AP-1 inhibition did not delay tumor growth, as 

measured by TTD, in either clone 67 (E) or clone 62 (F) xenografts.
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Figure 4. 
A) Mice bearing clone 67 or clone 62 tumors, which were either stable or progressing under 

long-term Tam treatment and normal AP-1 conditions, were allocated to either keep (left 

panel) or withdraw Dox (right panel) to induce DN-cJun expression causing AP-1 blockade 

in the presence of continued Tam and were observed for 4 to 6 weeks. B) Box and whisker 

plots of quantification of IHC analysis and C) representative IHC images of proliferation 

(Ki67 and pH3) and apoptosis (CC3/7) markers in Tam-treated and E2 control tumors in the 

presence or absence of DN-cJun expression.
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Figure 5. 
Working model: in endocrine-sensitive cells grown in the presence of E2 (left side), ER acts 

predominantly through classical genomic functions where it binds to DNA at E2 responsive 

elements (ERE) to modulate gene expression and to convey mitogenic and survival signals. 

At this stage, non-classical ER genomic function (i.e. where ER is tethered to other DNA 

responsive elements by binding transcription factors like AP-1) or AP-1 activity by itself 

may also partially contribute to tumor growth. Upon endocrine therapy, activation of 

adaptive responses or diverse escape pathways (such as GFR, or microenvironment and 

stress stimuli) contributes to disease progression and the development of endocrine 

resistance (right side). These multiple pathways converge on AP-1, which becomes a major 

determinant of global transcription and resulting in a molecular shift from the ER genomic 

network to an AP-1-dependent transcriptional program. Targeting AP-1 or its key 

downstream signaling components represent a new therapeutic strategy to enhance 

endocrine sensitivity and overcome resistance.
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