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Abstract

Purpose—Fulvestrant is an estrogen receptor (ER) antagonist and an approved treatment for 

metastatic estrogen receptor positive (ER+) breast cancer. With the exception of ER levels, there 

are no established predictive biomarkers of response to single agent fulvestrant. We attempted to 

identify a gene signature of response to fulvestrant in advanced breast cancer.

Experimental Design—Primary tumor samples from 134 patients enrolled in the phase III 

CONFIRM study of patients with metastatic ER+ breast cancer comparing treatment with either 

250mg or 500mg fulvestrant were collected for genome-wide transcriptomic analysis. Gene 

expression profiling was performed using Affymetrix microarrays. An exploratory analysis was 

performed to identify biological pathways and new signatures associated with response to 

fulvestrant.

Results—Pathway analysis demonstrated that increased EGF pathway and FOXA1 

transcriptional signaling is associated with decreased response to fulvestrant. Using a multivariate 
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Cox model we identified a novel set of 37 genes whose expression is independently associated 

with progression free survival (PFS). TFAP2C, a known regulator of ER activity was ranked 

second in this gene set and high expression was associated with a decreased response to 

fulvestrant. The negative predictive value of TFAP2C expression at the protein level was 

confirmed by immunohistochemistry.

Conclusions—We identified biological pathways and a novel gene signature in primary ER+ 

breast cancers that predicts for response to treatment in the CONFIRM study. These results 

suggest potential new therapeutic targets and warrant further validation as predictive biomarkers of 

fulvestrant treatment in metastatic breast cancer.
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Introduction

Fulvestrant is a highly selective estrogen receptor alpha (ER) ligand devoid of agonist 

activity. When bound to ER, fulvestrant leads to ER degradation resulting in decreased 

cellular ER levels and to the inactivation of both transactivation domains, AF1 and AF2. 

This ability to induce ER degradation has led to its classification as a selective ER degrader 

(SERD). The early clinical trials of fulvestrant showed comparable activity to aromatase 

inhibitors in advanced breast cancer after progression on first line endocrine treatment1. In 

addition, fulvestrant was shown to have activity in metastatic disease after progression on an 

AI2. In a phase II prospective study in which post-menopausal patients received fulvestrant 

after progression on an AI, 30% of the patients derived clinical benefit at 24 weeks and 

previous response to an AI did not predict response to fulvestrant3. More recently, the phase 

II FIRST study indicated that first line therapy with fulvestrant at 500mg has superior 

activity compared to an AI4. Currently, there is an ongoing phase III study (FALCON) 

comparing fulvestrant (500mg) to an AI for first line treatment of metastatic disease 

(www.clinicaltrials.gov identifier NCT TO1602380), which could lead to the approval of 

fulvestrant as first line treatment. These studies and other studies, demonstrate that not all 

patients benefit from single agent fulvestrant, but there is a subgroup of patients with 

metastatic ER+ breast cancer that gain substantial and durable clinical benefit from single 

agent fulvestrant even after progression on previous endocrine treatment. However, there are 

no well-defined clinicopathological features or molecular markers other than ER expression 

to predict response to single agent endocrine treatment as first line or second line therapy in 

the metastatic setting.

A number of multi-gene expression based assays have been developed to assess prognosis 

and predict response to endocrine treatments and chemotherapy in early stage estrogen 

receptor positive (ER+) breast cancer. The OncotypeDx recurrence score (Genomic Health 

Inc, Redwood City, CA) is clinically available and widely employed in the primary setting to 

inform decisions concerning the benefit of the addition of adjuvant chemotherapy to 

adjuvant endocrine therapy5, 6. PAM50, which measures the expression of 50 genes that 

classify breast cancers into intrinsic subtypes and is applied for the calculation of a risk of 

recurrence score (RORS), has also been shown to be prognostic in the early disease context. 
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An analysis of untreated breast cancer patients and patients that received neoadjuvant 

chemotherapy showed that the intrinsic subtype classification and RORs provide prognostic 

and predictive information in ER+ and ER-negative early stage breast cancer7. A molecular 

marker or gene set to predict response or resistance to endocrine treatment in the setting of 

ER+ metastatic disease would be helpful to stratify patients that are less likely to derive 

significant benefit from a single agent endocrine treatment and are candidates for treatments 

that combine endocrine treatment with newer targeted treatments or chemotherapy. The need 

for these tools is becoming more apparent as new treatment combinations are emerging as 

effective treatments for ER+ metastatic disease. The combination of letrozole and 

palbociclib was approved for first line treatment in ER+ metastatic disease8, but it is not 

clear that all patients need to be treated with this expensive regimen that is more toxic than 

letrozole alone. Such advances in the treatment of metastatic ER+ breast cancer as well as 

new endocrine treatments currently in clinical development underscore the importance of 

developing assays to predict response to endocrine treatment in metastatic disease.

The phase III Comparison of Faslodex in Recurrent or Metastatic Breast Cancer 

(CONFIRM) trial demonstrated that the 500 mg dose of fulvestrant compared to the 250 mg 

dose in post-menopausal women with locally advanced or metastatic ER+ breast cancer after 

recurrence or progression on prior endocrine treatment was associated with an improvement 

in PFS and overall survival (OS)9. In this analysis of the primary tumors from a subset of 

patients from the CONFIRM trial termed transCONFIRM, we evaluated the expression of 

the genes that make up the PAM50 intrinsic subtype–classifier and the oncotypeDx scoring 

system as predictors of response to fulvestrant. In addition, we performed pathway analyses 

and used a logistical regression model to identify potential new gene signatures to predict 

response to fulvestrant in the CONFIRM study.

Methods

CONFIRM patient population

The CONFIRM study population included post-menopausal patients who had locally 

advanced or metastatic ER+ breast cancer. Patients either experienced relapse on adjuvant 

endocrine therapy, within 1 year from completion of adjuvant therapy, had de novo advanced 

disease or recurrence more than 1 year after completion of adjuvant endocrine therapy. For 

patients with de novo metastatic disease or recurrences after more than 1 year from 

completion of adjuvant treatment, eligibility criteria required prior treatment with an anti-

estrogen or an aromatase inhibitor as first line treatment. Central confirmation of ER status 

was not performed. The trial had a double blind, placebo-controlled design and patients were 

randomized to fulvestrant 500 mg or 250 mg given on days 0, 14, 28 and every 28 days 

thereafter. Treatment was continued until disease progression unless any criteria for early 

discontinuation were met first. The primary study end point was PFS defined as the time 

elapsing between the date of random assignment and the date of the earliest evidence of 

objective disease progression as evaluated by RECIST criteria.
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TransCONFIRM tumor samples

From the 736 patients enrolled in the CONFIRM study, 134 formalin-fixed, paraffin-

embedded (FFPE) primary tumor samples were collected with patient consent and local 

Institutional Review Board approval. Samples were centrally reviewed by a breast 

pathologist and tissue microarrays were created in quadruplicate. The distribution of the 

main clinicopathological variables was similar between the entire CONFIRM population and 

the transCONFIRM subpopulation (supplemental table 1).

Gene Expression microarrays

RNA was extracted from the FFPE tumor samples using RNeasy FFPE kits (Qiagen) and 

amplified with the WT-Ovation FFPE System V2 (NuGen). cDNA was labeled using the 

FL-Ovation cDNA Biotin Module V2 (Nugen). Samples were run on the Affymetrix Human 

Transcriptome Array (HTA) 2.0 following manufacturer’s instructions. For this workflow an 

Affymetrix Fluidics station 450 and Affymetrix GeneChip Scanner 3000 7G were used. 

Quality control and normalization was conducted using Affymetrix Expression Console. Of 

the 134 FFPE samples, 112 samples had sufficient RNA and met quality control criteria 

(Supplemental figure 1). The microarray data has been deposited in the Gene Expression 

Omnibus under the accession number GSE76040.

Surrogate Pam50 Intrinsic subtypes and surrogate OncotypeDX scoring

The PAM50 subtype predictor was applied using the publicly available algorithm7. The 

Affymetrix probesets with the highest inter-quartile range were selected and genes were 

median-centered using bootstrap samples of ER status by IHC. Each tumor sample was 

classified as one of the five different intrinsic breast cancer subtypes (luminal A, luminal B, 

HER2-enriched, basal-like and normal-like), and risk of relapse scores were calculated 

based on intrinsic subtype alone (RORS) and based on a combination of intrinsic subtype 

and a proliferation score (RORP). We next classified the tumors using a published algorithm 

to predict OncotypeDx recurrence score (RS) based on expression data for the 21 genes and 

standard thresholds to define scores as low, intermediate and high risk of recurrence10. The 

PAM50 intrinsic subtype predictions and RS classifications predictions in this study are 

considered surrogate classifiers since they are based on Affymetrix microarray gene 

expression analysis and not the original platforms that were used to establish these 

classifiers (Microarray data from Agilent human 1Av2 microarrays for the PAM50 and RT-

PCR for OncotypeDx RS).

Immunohistochemistry Studies

Samples were centrally stained for ER, PR (ER/PR pharmDx™ Kit, Dako), HER2 

(HercepTest™ Kit, Dako) and Ki67 (clone MIB-1, dilution 1:100, DAKO). ER and PR were 

scored according to the Allred scoring system and considered positive when the Allred score 

was 3 or above. HER2 positivity was defined as 3+ if more than 10% of cells displayed a 

strong complete membrane staining, according to the ASCO-CAP guidelines 2013.

All samples were stained for AP2γ (TFAP2C) by immunohistochemistry. Briefly, antigen 

retrieval was performed by heating in Target Retrieval Solution Citrate pH 6.0 (DAKO) 

using a pressure cooker for 10 min. Slides were incubated with the AP2γ primary antibody 
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(clone 6E4/4, SantaCruz) at a dilution of 1:300 for 30 min at room temperature. The DAKO 

REAL™ Detection System Peroxidase/DAB+ was used with an automated protocol. Tumors 

were scored according to the Allred score (0–8). Tumors with scores 0–2 were defined as 

AP-2γ negative, while tumors with scores 3–8 were defined as AP-2γ positive. Whenever 

present, myo-epithelial cells served as positive internal control.

Statistical Analysis

Descriptive statistics were used to summarize patient and tumor characteristics, clinical 

outcomes, and expression-based classifiers. Contrasts of demographics and tumor 

characteristics between patient subgroups were evaluated using Pearson’s chi-squared test 

with continuity correction for categorical factors, and Wilcoxon rank sum tests for 

continuous factors. Correlation in IHC and expression-based phenotypes were evaluated 

using Spearman coefficients. Pathway-level analysis was performed in R/Bioconductor 

using the Significance Analysis of Function and Expression (SAFE) package with 

extensions for survival models described previously11. The following sources of annotation; 

accounting for multiple-comparisons within each group were used: 8527 Gene Ontology 

terms (by BioConductor), 670 Reactome pathways (by MSigDB v4), 196 PID genesets (by 

MSigDB v4), 186 KEGG pathways (by MSigDB v4), 217 Biocarta pathways, 2148 genesets 

from MSigBD C2: curated genesets, 93 ‘twoway’ genesets from MSigBD C6: Oncogenic 

signatures, 924 genesets from MSigBD C7: Immunologic pathways. Because SAFE allows 

for bi-directional testing of differential expression, pairs of genesets in MSigDB annotated 

as up- and down-regulated in each curated set were combined as a complete representation 

of the discovered pathway.

Clinical outcomes were summarized using the Kaplan-Meier product limit estimator. Hazard 

ratios (HR) and confidence intervals (CI) were estimated using univariate and multivariate 

Cox proportion hazards models. To identify a gene set associated with PFS, the adjusted 

hazard ratio (adj HR) was calculated for a 1-unit change in standardized expression, and the 

false discovery rate (FDR) was estimated using the Benjamini-Hochberg step-up method12. 

Hierarchical clustering of samples was performed using Euclidean distance and complete 

linkage. All statistical computations were carried out in R v.3.0.1 (http://cran.r-project.org) 

and SAS statistical software, v. 9.3 (SAS Institute Inc, Cary, NC).

Results

Clinicopathologic characteristics

The main clinicopathologic characteristics of the transCONFIRM cohort are shown in Table 

1. With an average follow-up of 38.5 months at the time of analysis, median PFS was 8.3 

months (95% CI 5.5–10.9 months). An equal number of patients received the 500mg and 

250mg dose of fulvestrant, each dose group consisting of 56 patients. On central review the 

majority of the patients had ER+/HER2− or PR+/HER2− disease (92/112). The discordance 

rate for hormone receptor positivity between local and central review was 13% (ER negative 

at central review and positive at the local institution) and for HER2 positivity 9% (HER2 

positive by central review and negative at local institution). Discordance between central and 

local review of ER and HER2 status has been described in the literature previously with 
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rates of discordance similar to those detected in our study13. This discordance is likely due 

to differences in the staining methods, the scoring systems and possibly tumor heterogeneity. 

A strong correlation between the ER, PR and Ki67 protein levels by immunohistochemistry 

and microarray gene transcript levels was detected (ER, Spearman rho=0.72, p<0.0001, PR 

Rho=0.78 P=<0.0001, ki67, rho=0.72,p=<0.0001), Supplemental figure 2. Similar to the 

entire population in the CONFIRM study, the majority of the patients had either relapsed 

during adjuvant endocrine treatment or had de novo metastatic disease (84%) and only 6% 

of patients developed metastatic disease more than 1 year after completion of adjuvant 

endocrine treatment.

PAM50 Intrinsic subtype distribution, comparison to clinical marker status and prediction 
of response to treatment

The distribution of the PAM50 intrinsic subtype and comparisons to clinical markers are 

detailed in figure 1. Of the 112 patients in the transCONFIRM cohort, 65% of patients had 

luminal subtype breast cancers (40% luminal A and 25% luminal B), 16% were basal–like, 

14% were normal-like and 5% were HER2-enriched. This distribution of ER+ tumors is 

comparable to other studies, which also show that ER+ tumors are comprised of all the 

intrinsic subtypes with the majority consisting of luminal subtypes7. Focusing on the luminal 

A and luminal B subtype which included the majority of the tumor samples; 96% of the 

luminal A and luminal B subtypes were ER+. Luminal A subtype tumors compared to 

luminal B tumors had higher PR levels and lower Ki67 levels, which is consistent with the 

clinical luminal subtype classification14.

We evaluated the association between the PAM50 intrinsic subtypes and PFS using a Cox 

model and found no significant relationship (4 d.f., p=0.91) (Supplemental figure 3A). 

Similarly, we assessed the ROR and ROR-P scores and did not detect an association with 

PFS or OS (ROR, 1 d.f., p=0.29, ROR-P, 1 d.f, p=0.35), Supplemental figure 4. In these 

analyses, no significant differences are seen between luminal A and luminal B subtypes. 

Surprisingly even tumors classified as having a basal PAM50 intrinsic subtype were not 

significantly different though the small number of such tumors may limit our ability to 

detect a difference. We next classified the transCONFIRM cohort by OncotypeDX 

recurrence score risk categories derived from the Affymetrix expression data. The majority 

of the tumors were within the high-risk group (high risk 63%, intermediate risk 15% and low 

risk 22%), but we did not identify an association between the risk categories and PFS 

(p=0.31), or OS (p=0.58) (Supplemental figure 3B).

Discovery of a gene set predictive of response to fulvestrant

Because the PAM50 and OncotypeDx RS classifiers were not predictive of response to 

treatment in our analysis, we performed an exploratory analysis using SAFE to identify 

biological gene sets that correlate with response to fulvestrant. Using multiple sources of 

annotation and accounting for multiple-comparisons within each group we found several 

pathways that significantly correlated with PFS with fulvestrant treatment. The top ranked 

pathways included EGF signaling pathways (MSigDB, gene set ID M1909, number of 

genes: 31, p-value=0.0099, FDR=0.14 and GO:0007173, number of genes: 224, p-

value=0.0044, FDR=0.3) and the FOXA1 transcription factor network (MSigDB, gene set 
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ID M285, number of genes: 42, p-value=0.0066, FDR=0.13). As shown in figure 2, genes in 

these pathways strongly correlated with PFS, with the majority in each showing high 

expression associated with decreased PFS. This is consistent with previous reports in which 

these pathways have been implicated in endocrine resistance15–17.

We next performed an exploratory analysis to identify a novel gene set associated with 

response to fulvestrant. We first applied a univariate proportional hazards model to find 

clinicopathological features of the transCONFIRM cohort associated with response to 

treatment. As shown in table 2, patient age and presentation with de novo metastatic disease 

versus development of metastatic disease after initial diagnosis of primary disease did not 

predict for PFS on fulvestrant. In addition, within this subpopulation of the CONFIRM 

study, the 500mg dose of fulvestrant compared to the 250mg dose was not significantly 

associated with PFS, although there was a trend for improved PFS with the higher dose. We 

evaluated ER and PR as continuous variables and for ER we did not detect a significant 

predictive cut point, whereas for PR, an Allred score of 6 or above was associated with 

better PFS with a HR of 0.59 (p=0.016, CI 0.38–0.91). Positive HER2 status conferred 

reduced PFS with a HR of 1.91 (p=0.037, CI 1.04–3.52), although the number of patients in 

this category was small. Second, we performed a multivariate Cox model adjusting for the 

significant clinicopathological factors and found that the expression of a set of 37 genes was 

independently associated with PFS (FDR<20%)(figure 3). Unsupervised clustering using 

these 37 genes differentiated samples into two groups; one group consisting of 

approximately 1/3 of the patients with worse clinical outcomes and the second group 

consisting of 2/3 of the patients with improved outcomes. In this gene set, upregulation of 27 

genes was associated with poor PFS. These genes include genes that have known functions 

in the regulation of the ER transcriptional network (TFAP2C18, 19 and SP120, 21), genes that 

have been shown to be related to breast cancer biology and clinical outcomes (TFAP2C, 

BMPR1A22, ARRDC323, PPP2R3A24) and genes not yet reported to be related to breast 

cancer but with functional roles in tumorigenesis, metastases and response to treatment in 

other cancer types and may also have molecular functions in breast cancer (ILF225, 

ATP11B26, CSDA27, USP528,TANC129, NOTCH230, ADD331 and SEC23A32). In addition, 

there are a number of genes in the gene set that do not have known roles in cancer biology 

(CCDC93, CPNE1, GLTP and TCEB3). These genes are responsible for intra- and inter-

cellular trafficking and transcription and studies to investigate their functional roles in breast 

cancer biology are needed. We used Oncomine Concepts Map analysis (Compendia 

Biosciences) to compare the 27-gene signature of poor PFS to published gene signatures of 

primary breast cancers and detected significant correlations with independent gene 

signatures of poor outcome33. Because the CONFIRM study showed a statistically 

significant improvement in PFS when the 500mg dose was compared with the 250mg, we 

performed a separate univariate Cox proportional hazards analysis for the 500mg dose and 

250mg sub-groups and looked at the 37 gene set. As shown in supplemental table 2, in both 

subgroups the trends were similar to the multivariate analysis of the entire transCONFIRM, 

albeit not as significant statistically.
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AP2 gamma (TFAP2C) is a putative marker for resistance to fulvestrant treatment

As mentioned above, the TFAP2C gene is a regulator of ER transcriptional activity. TFAP2C 

has also been previously implicated to play an adverse role in ER+ breast cancer34, 35. In 

addition, in The Cancer Genome Atlas (TGCA) dataset36, TFAP2C is amplified in 4% of 

luminal type breast cancers and gene amplification correlated with increased mRNA levels, 

suggesting a functional significance. In our study the expression of the TFAP2C gene at the 

mRNA level was strongly independently associated with poor PFS in the gene set discovery 

(rank = 2nd, adj HR = 2.86). To test whether the finding that TFAP2C expression at the 

mRNA level predicted for poor outcome could be corroborated at the protein level we 

performed IHC studies for its protein product the AP2-γ transcription factor. AP2-γ level 

was scored by the Allred scoring system and a score of 3 or above was considered positive. 

This analysis consisted of 124 of the transCONFIRM tumor samples. Consistent with the 

mRNA levels, AP2-γ protein status correlated with outcome with AP2-γ positive tumors 

exhibiting significantly reduced PFS (HR = 1.54, CI 1.05–2.25, p = 0.02) (figure 4) implying 

that AP2- γ levels could easily be analyzed for clinical use by IHC testing.

Discussion

In this study we comprehensively evaluated clinicopathological features, novel genetic 

markers and gene sets, and the established gene signatures of the PAM50 intrinsic subtype 

predictor and the OncotypeDX recurrence score risk classifier in a cohort of patients from 

the phase III CONFIRM study to test their ability to predict response to fulvestrant in 

metastatic disease. We found that high EGF pathway and FOXA1 transcriptional signaling 

are associated with decreased response to fulvestarnt. In addition, we identified a novel 37 

gene set classifier of response to fulvestrant treatment that includes genes known to be 

associated with endocrine resistance and important for cell fate and proliferation, such as 

TFAP2C, BMPR1A and Notch237. Furthermore, TFAP2C could be evaluated by IHC and is 

thus a potential clinically assayed biomarker of resistance to fulvestrant.

We investigated gene expression profiles developed in primary tumors to determine if they 

would be determinants of response to endocrine treatment in metastatic disease. We chose to 

study archived primary tumors because of the difficulty obtaining sufficient tumor from 

metastatic biopsies to perform detailed molecular analyses. Because of the availability of 

primary tumor specimens, this design enables easy translation of results to clinical practice. 

However, this design is also a limitation of our study, since the prevailing model of 

metastases, based mainly on pre-clinical studies, suggests that the bulk of cells in a primary 

tumor do not metastasize and only a subpopulation of the cells in a primary tumor have 

metastatic capacity through the acquisition somatic mutations and epigenetic alterations38. 

These changes enable migration from the primary tumor, survival in the blood and lymphatic 

system, invasion of distant sites, growth of distant nodules with resistance to treatment. In 

addition, we and other groups have recently demonstrated in clinical samples the clonal 

selection of ESR1 mutations under the selective pressure of endocrine treatment as a 

mechanism of acquired resistance in metastatic ER+ breast cancer39. Thus, primary tumors 

cannot fully depict the molecular complexity of endocrine resistance in metastatic disease. 

Nonetheless, several studies have shown that in clinical samples of primary breast cancers 
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and other cancer types there are molecular signatures of metastatic disease demonstrating 

the existence of gene expression events found early in primary tumors that reliably mark 

cellular phenotypes of metastatic behavior40–42. In addition, ER and HER2 expression, the 

most robust breast cancer molecular markers in clinical practice that dictate treatment in 

primary and metastatic disease, are highly concordant between primary and matching 

metastatic samples43. Collectively, it is conceivable that the clinical behavior of metastatic 

disease is governed by intrinsic biological characteristics inherent in primary tumor cells, as 

well as genetic and epigenetic changes that occur during the metastatic process under the 

pressure of treatments.

In our pathway analysis we show that increased EGF signaling correlated with poor 

response to fulvestrant in breast cancer patient samples. Both in vitro and xenograft studies 

have shown that activation of EGF and the downstream signaling including PI3K/AKT and 

MAPK pathways may provide an alternative survival pathway with reduced estrogen 

dependency leading to endocrine resistance16, 44. In pre-clinical studies, Gefitinib, a small 

molecule inhibitor of EGFR, was able to inhibit cellular proliferation of endocrine resistant 

breast cancer cell lines and delay the development of tamoxifen resistance in xenograft 

studies16, 45. Furthermore, high EGFR levels correlated with decreased response to 

endocrine treatment in elderly post-menopausal patients46. These findings have led to 

multiple clinical trials investigating the benefit of combining selective EGFR inhibitors to 

endocrine treatment as well as targeting downstream pathways such as the PI3K-AKT-

MTOR pathway. Notable are two clinical trials including the BOLERO-2 phase III study and 

the TAMRAD phase II study that showed improved PFS with the addition of everolimus to 

endocrine treatment in patients with metastatic disease that progressed on prior treatment 

with an aromatase inhibitor47, 48. The addition of everolimus in early stage ER+ breast 

cancer was also shown to improve the efficacy of endocrine treatment in a neoadjuvant trial, 

suggesting that this pathway is important in primary disease and in-line with our findings 

that include evidence of increased EGF pathway signaling in primary tumors49.

Increased activation of FOXA1 transcriptional signaling was found to be associated with 

decreased response to fulvestrant in this study. FOXA1 is a pioneer factor that binds to 

highly compacted chromatin and dictates ER-DNA binding. Loss of FOXA1 in ER+ breast 

cancer cell lines leads to decreased ER chromatin binding and decreased cell proliferation. 

In primary breast cancer samples, FOXA1 protein expression levels correlated with ER and 

luminal A subtype breast cancers and in the luminal A sub-type, FOXA1 expression 

correlated with improved outcomes50, 51. However, FOXA1 has also been shown to have a 

role in endocrine resistance and metastatic disease. FOXA1 is co-expressed with ER in 

metastatic breast cancer samples and mediates ER reprogramming in poor outcome ER+ 

breast cancers17. Thus, FOXA1 likely has different functions in endocrine responsive and 

endocrine resistant breast cancers and our results support the notion that in poor outcome 

primary breast cancers, increased FOXA1 signaling is associated with decreased response to 

fulvetrant treatment. Additional studies are needed to better understand the changes in 

FOXA1 signaling in poor outcome ER+ breast cancers and how they contribute to endocrine 

resistance.
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We found that mRNA levels of TFAP2C, a transcription factor expressed in breast cancers, 

correlated with the protein expression levels and high transcript and protein levels correlated 

with decreased response to fulvestrant treatment. Previous studies have shown that high 

levels of TFAP2C are associated with unfavorable clinical outcomes and decreased response 

to tamoxifen34, 35. However, the prognostic significance of TFAP2C expression is 

controversial, with a number of studies failing to show a prognostic role for this factor in 

primary tumors19, 52. A recent study showed that TFAP2C expression measured by AP2-γ 
IHC in primary breast cancer samples in a retrospective series of 451 breast cancer patients 

did not impact disease free survival or overall survival during the first 10 years after 

diagnosis of early stage disease, but was found to be associated with decreased overall 

survival after year 1035. Cell line studies demonstrated that TFAP2C is a pioneer factor and 

together with FOXA1 promotes ER recruitment followed by formation of long-range 

chromatin interactions required for ER transcriptional regulation53. Additionally, TFAP2C 

was shown to be essential for the maintenance of the luminal gene expression pattern of 

luminal type breast cancers and loss of TFAP2C led to basal differentiation18. Thus, as is the 

case for FOXA1 the association between TFAP2C expression and reduced response to 

endocrine treatment is complex. One possible mechanism by which TFAP2C may mediate 

endocrine resistance is through its down regulation of the cell cycle inhibitor p21 

(CDKN1A) leading to cell cycle progression and treatment resistance54. However, this 

hypothesis and other potential mechanisms warrant further investigation.

Our study has several limitations that should be noted. The PAM50 and OncotypeDx RS 

classifications that we performed were surrogate assays since we used a microarray platform 

that is different from the microarray platform that was used for the development of the 

PAM50 assay and differs from the RT-PCR assay that is used for OncotypeDx testing. In 

addition the number of patients in our study was relatively small and this may limit the 

sensitivity of PAM50 intrinsic classification and OncotypeDx risk stratification to predict 

response to fulvestrant. Although our multivariate analysis was adjusted for several 

clinicopathological features that could influence response to fulvestrant, there may be other 

factors that we did not consider. In addition, the discovery studies herein are from a single 

clinical trial and thus require further validation.

In conclusion, central IHC and transcriptomic analysis of the transCONFIRM patient cohort 

showed that similar to earlier studies, high clinical PR levels is linked with increased 

response to fulvestrant and HER2 positivity is associated with decreased response. In 

addition, high EGF and FOXA1 signaling is associated with decreased response to 

fulvestrant and supports therapeutic strategies that combine inhibitors of the EGFR pathway 

with improved ER inhibition or new epigenetic therapeutic modalities. Lastly, we identified 

a novel gene set, consisting of genes with functions in ER regulation, cell fate and 

proliferation, that has the potential to predict resistance to fulvestrant in metastatic breast 

cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Endocrine therapy is the mainstay of treatment for metastatic ER+ breast cancer. 

However, not all patients have a durable response with single endocrine agents and 

therefore new therapies for ER+ disease are emerging. These new agents can add toxicity 

and cost underscoring the need to identify the patients who will respond well to 

endocrine therapy alone and could be spared the toxicities of the new agents and on the 

other hand, select patients resistant to existing endocrine therapy who are candidates for 

novel combinations. Herein, we report biological pathways and a putative gene signature 

that predict response to fulvestrant in a completed randomized phase III trial.
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Figure 1. 
PAM50 intrinsic subtype classification and comparison to clinicopathological features: A. 

Distribution of the intrinsic subtypes in the transCONFIRM cohort. B. ER, PR and HER2 

status per each intrinsic subtype. C. Scatter plots showing ki67 and PR levels by IHC per 

intrinsic subtype.
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Figure 2. 
Pathway analysis of response to fulvestrant: A. SAFE plot for M1909 - EGFR signaling 

pathway; B. SAFE plot for M285 - FOXA1 transcriptional signaling. Transcript-level 

association to progress-free survival is ranked from high expression association with (left-

most) prolonged PFS to (right-most) decreased PFS. Labels indicate the hazard ratio with a 

1-unit change in standardized expression, and the shaded regions indicate which genes 

reached nominal significance (|Z| > 1.96) with the survival analysis used in SAFE. For each 

pathway shown, the distribution of ranks for gene-set members shows a shift toward 

decreased PFS with high expression.
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Figure 3. 
Discovery of a gene set predictive of response to fulvestrant: A. Volcano plot of the gene-

level tests of association with PFS. The log fold-change in hazard ratio for a 1-unit increase 

in expression levels is plotted against the nominal p-value from a multivariate Cox 

regression model. B. Heatmap of unsupervised clustering of tumors using the 37 genes in 

the predictive gene set. C. Kaplan – Meier curve for PFS comparing the two clusters. D. 

Oncomine Concepts Map analysis (Compendia Biosciences) was used to compare the 27 

upregulated gene set of poor PFS to published gene signatures from primary breast tumors, 

and reveals statistically significant correlations between this gene set and gene expression 

signatures of breast tumors with poor outcomes. The association between molecular 

concepts of different gene signatures or gene sets is represented as a graph using Cytoscape 

(http://cytoscape.org), in which a node represents a gene set and significantly associated sets 

(q ≤ 0.23) were connected by an edge.
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Figure 4. 
High TFAP2C expression correlates with poor outcomes: A. Kaplan-Meier plot of PFS for 

quartiles of TFAP2C mRNA level. B Figures depicting examples of negative and positive 

IHC staining for AP2- γ (TFAP2C). C. Results of AP2- γ scoring in the transCONFIRM 

cohort. D. Kaplan-Meier plot of PFS for AP2- γ positive and negative tumors.
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Table 1

Patient characteristics.

Characteristics Variable Value %

Median age years 62

Median PFS months 8.3

Fulvestrant dose 500mg 56 50%

250mg 56 50%

Central review of
receptors

ER+/HER2− 92 82%

ER−/PR+/HER2− 2 1.7%

ER+/HER2+ 6 5%

ER−/PR−/HER2+ 2 1.7%

ER−/PR−/HER2− 10 8.9%

Time of
relapse/progression

During adjuvant endocrine therapy 55 49%

0–12 months after completion of adjuvant
HT

11 9.8%

> 12 months after completion of adjuvant
HT and after progression on first line HT

7 6.2%

Patients presenting with de novo advanced
disease and experiencing progression on
first-line HT

39 35%

HT=hormonal therapy.
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Table 2

Univariate analysis of clinicopathological features.

Variable Unit Reference HR (95% CI) p-value*

Age 10 year 0.93 (0.63,1.39) 0.74

FULV. dose 500 vs. 250mg 0.95 (0.79,1.15) 0.63

ER levels 1-unit increase in Allred

score**
1.00 (0.92,1.08) 0.92

PR levels ≥6 / <6 Allred
score

0.59 (0.38,0.91) 0.016

HER2 status 3 / 0–2 IHC 1.91 (1.04,3.52) 0.037

Ki67 10% increase 1.13 (0.99,1.29) 0.064

*
Hazard ratio (HR) and 95% confidence interval (CI) are from a univariate Cox model, p-values are from a Wald-type hypothesis test.

**
ER was not significant (p > 0.5) for all possible cutpoints in Allred score.
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