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Fig. S1- Related to Fig. 1. ER transcriptional reporter assays. Cells transfected with ERE-luciferase and CMV-
Renilla luciferase reporter plasmids were treated as in Fig. 1A with 10% DCC-FBS ± E2, 4-OH-T, or 
fulvestrant. Luciferase activities were measured after 16-20 h. RLU- relative light units (firefly/Renilla). Data are 
presented as % parental control, mean of triplicates ± SD. *p<0.05 by Bonferroni post-hoc test compared to 
control of each cell line. 
 
 



Fig. S2- Related to Fig. 2. ChIP-seq analysis of LTED cells identifies novel estrogen-independent ER genomic 
binding sites. The sets of ER binding regions (‘peaks’) identified by ChIP-seq of LTED cells were converted 
from Hg19 build to Hg18 for compatibility with published datasets. We then determined which LTED cell ER 
binding regions overlapped with regions identified in datasets of estrogen-independent [hormone-deprived 
MCF-7 cells (1)], E2-induced [in MCF-7 cells (1-3)], and EGF-induced [in hormone-deprived MCF-7 cells (4)] 
ER binding sites. Total numbers of regions in each dataset are noted, as well as the numbers of regions that 
overlapped, and the percentage of overlap with each LTED cell line dataset. 
 

MCF-7/LTED ER binding regions HCC-1428/LTED ER binding regions
Total 3366 4331

E2-induced ER binding regions (IHM001F, Fullwood et al .) 14468 1763 (52.4%) 567 (13.1%)
E2-induced ER binding regions (IHH015F, Fullwood et al .) 6665 1149 (34.1%) 402 (9.3%)
E2-induced ER binding regions (p<0.001, Carroll et al .) 22601 1118 (33.2%) 1152 (26.6%)
E2-induced ER binding regions (p<0.00001, Carroll et al .) 7591 774 (23%) 648 (15%)
Hormone-independent ER binding regions (Hurtado et al .) 1114 618 (18.1%) 215 (4.9.%)
E2-induced ER binding regions (Hurtado et al .) 14068 1662 (48.6%) 665 (15.1.%)
EGF-induced ER binding regions (p<0.2, Lupien et al .) 24491 1795 (53.3%) 786 (18.1%)
EGF-induced ER binding regions (p<0.01, Lupien et al .) 12550 1553 (46.1%) 510 (11.8%)

E2-induced ER binding region data were obtained from Fullwood et al. (2010) 
          An oestrogen-receptor-alpha-bound human chromatin interactome. Nature 462: 58-64.
from Carroll et al. (2006) Genome-wide analysis of estrogen receptor binding sites. 
         Nat Genet 38: 1289-1297.
and from Hurtado et al. (2011) FOXA1 is a key determinant of estrogen receptor function and endocrine response.
        Nat Genet 43: 27-33.

EGF-induced ER binding region data were obtained from Lupien et al. (2010)
        Growth factor stimulation induces a distinct ER(alpha) cistrome underlying breast 
        cancer endocrine resistance. Genes Dev 24:2219-2227.

Hormone-independent ER binding region data were obtained from Hurtado et al. (2011)

 



Fig. S3- Related to Fig. 2. Genomic distribution of estrogen-independent ER binding sites. A-B) ER binding 
regions (‘peaks’) identified by ChIP-seq in LTED cells were annotated for their locations relative to genomic 
elements. C-D) Frequencies of distances of ER binding regions in LTED cells from the transcription start sites 
of fulvestrant-deregulated genes. The distances between ER binding sites (‘summits’ of ‘peaks’) and the 
transcription start sites of the nearest genes commonly deregulated by fulvestrant in both cell lines (set of 
1,003 genes from Fig. 2B) were calculated, with a maximum distance of 60 kb. Within this distance, frequency 
histograms indicated that ER bound most commonly within 10 kb downstream of the transcription start site of a 
fulvestrant-deregulated gene (i.e., within the gene). 
 

 



Fig. S4- Related to Fig. 2. Transcription factor motif analysis of ER-bound regions. Peaks identified by ChIP-
seq were analyzed using the SeqPos tool in Galaxy (5, 6) to identify enriched transcription factor motifs within 
600 bp of peak summits at p<0.001. The most common motifs detected in both LTED cell lines are shown 
below. Several other transcription factors were noted which share a motif that is highly similar to the estrogen-

response-element, including PPARγ, RORα, CBX7, NR4A2, BRUNOL6, ZNF655, NUP133, RPS10, SF1, 

NR2F1, RARα, ZNF313, HNF4, MSRB3, PRKRIR, RXR, and T3R (full lists of motifs are provided in Tables 
S1-S4 in Excel file). nd- not detected. 

 



Fig. S5- Related to Fig. 2. De novo motifs found in ER-bound genomic regions. Peaks identified by ChIP-seq 
that occurred within 60 kb of a transcription start site of a gene commonly deregulated by fulvestrant (Fig. 2C) 
were analyzed using MEME (7) to identify commonly occurring 50-bp motifs. The top 5 most common motifs 
are shown. These 50-bp sequences were then analyzed using the Transfac database (8) [via ChipMapper (9)] 
to determine which transcription factor motifs they contained. 



Fig. S6- Related to Fig. 2. Genomic annotations for the three ER-bound regions subcloned into luciferase 
reporter vectors were obtained from the Ensembl database. The subcloned DNA regions are highlighted with 
red boxes. Genes within 500 kb of these regions which were deregulated ≥1.3-fold (p<0.05) by fulvestrant in 
MCF-7/LTED or HCC-1428/LTED cells (as detected by gene expression microarray analysis) are noted above 
each panel. 



Fig. S7- Related to Fig. 3. Derivation of a 24-gene signature of E2F activation. A) Flow diagram of analysis 
used to derive a set of 24 genes containing E2F motifs but lacking known association with the cell cycle. B) List 
of genes included the 24-gene non-cell cycle signature (left), and the 37 cell cycle-associated genes (right). 
Gene Ontology annotations for the 24-gene signature are listed in Table S5. C-D) Hierarchical clustering of 
patients treated with neoadjuvant anastrozole (C) or letrozole (D) using post-treatment gene expression data 
for 21 (C) or 20 (D) of the available 24 non-cell cycle genes from (B). Patients did not fall into overtly 
distinguishable clusters (average linkage clustering results are shown; similar patterns were observed with 
centroid linkage), suggesting that expression of an E2F activation signature may be better represented as a 
continuous variable. Hence, sum gene expression scores were generated and tested for correlation with Ki67 
(Fig. 3). 

 
 



Fig. S8- Related to Fig. 4. CDK4 is required for the hormone-independent growth of ER+ breast cancer cells. 
Cells were transfected with siRNA targeting CDK4 or siCtl, then reseeded in medium containing 10% DCC-
FBS for immunoblot (below) or cell proliferation assays (shown in Fig. 4B). Protein harvested at 2 days post-
transfection was analyzed by immunblot using the indicated antibodies. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Fig. S9- Related to Fig. 4. H&E staining and IHC for phospho-Histone H3Ser10 and cleaved caspase-3/7 were 
performed on tumors from mice treated with vehicle, PD-0332991, or fulvestrant for 5 wks. Representative 
images are shown. Quantification is shown in Fig. 4G. 
 

 



Fig. S10- Related to Fig. 5. PI3K and ER modulate non-overlapping pathways. A) Cells were treated with 10% 
DCC-FBS ± BKM120 or RAD001 for 16 h. ER was immunoprecipitated from cell lysates. Immunoprecipitates 
and lysates were analyzed by immunoblot using the indicated antibodies. P-AKT and P-S6 were used as 
markers of PI3K and TORC1 activation, respectively. B) MCF-7/LTED cells were treated ± BKM120 overnight, 
and ChIP was performed for ER or IgG. Quantitative PCR was performed for four of the top ER binding regions 
identified in Fig. 2D. Data are presented as fold-enrichment in ER-ChIP over IgG-ChIP control. C) Lysates from 
cells treated for 24 h with 10% DCC-FBS ± fulvestrant were analyzed by immunoblot. 
 
 

 



Fig. S11- Related to Fig. 5. IC50 values for fulvestrant and BKM120 in ER+ breast cancer cells under hormone-
depleted conditions. Cells were treated with 10% DCC-FBS containing 0-5 μM fulvestrant (A) or 0-5 μM 
BKM120 (B) for 6-9 days. Media and drugs were replenished every 2-3 days. Cells were fixed and stained with 
SRB. Relative adherent cell numbers were estimated from Abs490 readings, and IC50 values were calculated 
from the averages of triplicate wells. 

 

 



Fig. S12- Related to Fig. 5. PI3K inhibition decreases tumor FDG uptake. Tumor-bearing mice were imaged 
before and after nine days of treatment by [18F]FDG-PET. A) Plots of % ID/g (signal normalized to tumor area) 
at pre- and post-treatment for each imaged mouse are shown. Pre- and post-treatment values were compared 
by t-test within each treatment group. Red trendline indicates mean signal values. B) The % change in tumor 
volume (baseline vs. 1.5 wks) was plotted against the % change in [18F]FDG tumor uptake for all imaged mice. 
Squares- vehicle; circles- fulvestrant; triangles- BKM120. Data were analyzed by linear regression. 
 



Table S5- Related to Fig. 3. Gene Ontology annotations for the 24 genes in the E2F signature. The 61 genes 
which were commonly deregulated by fulvestrant in MCF-7/LTED and HCC-1428/LTED cells, and which 
contained an E2F binding motif within 2 kb of the transcription start site, were evaluated using Gene Ontology 
analysis. Thirty-seven genes showed GO annotations associated with the cell cycle (e.g., DNA replication and 
chromosome cycle, cell cycle, cell proliferation, regulation of cell cycle, DNA replication checkpoint, cell cycle 
checkpoint, G1 phase of mitotic cell cycle, M phase, nuclear division, G2/M transition of mitotic cell cycle, 
mitotic cell cycle, G1/S transition of mitotic cell cycle, mitosis). The remaining 24 genes which did not show a 
cell cycle-related GO annotation are listed below. 
 
Annotation Genes 
GO:0000375 [8]: RNA splicing, via transesterification reactions SFRS1 SFRS10 SFRS7 SNRPD1 

GO:0000377 [9]: RNA splicing, via transesterification reactions 
with bulged adenosine as nucleophile 

SFRS1 SFRS10 SFRS7 SNRPD1 

GO:0000398 [8]: nuclear mRNA splicing, via spliceosome SFRS1 SFRS10 SFRS7 SNRPD1 
GO:0008380 [7]: RNA splicing SFRS1 SFRS10 SFRS7 SNRPD1 
GO:0006397 [7]: mRNA processing SFRS1 SFRS10 SFRS7 SNRPD1 
GO:0016071 [6]: mRNA metabolism SFRS1 SFRS10 SFRS7 SNRPD1 
GO:0006396 [6]: RNA processing SFRS1 SFRS10 SFRS7 SNRPD1 
GO:0007494 [5]: midgut development RET 
GO:0007497 [6]: posterior midgut development RET 
GO:0016070 [5]: RNA metabolism SFRS1 SFRS10 SFRS7 SNRPD1 
GO:0000004 [2]: biological_process unknown CLSPN FANCD2 TREX2 
GO:0006376 [9]: mRNA splice site selection SFRS1 
GO:0000060 [8]: protein-nucleus import, translocation KPNB1 
GO:0006607 [8]: NLS-bearing substrate-nucleus import KPNB1 
GO:0000059 [8]: protein-nucleus import, docking KPNB1 
GO:0000245 [8]: spliceosome assembly SFRS1 
GO:0006457 [7]: protein folding DNAJC9 FKBP5 

GO:0043283 [4]: biopolymer metabolism 
FBXO5 SFRS1 SFRS10 SFRS7 
SNRPD1 

GO:0006220 [7]: pyrimidine nucleotide metabolism DCK 

GO:0007582 [2]: physiological process 
DCK DNAJC9 FBXO5 FKBP5 KPNB1 
NUP62 RET SFRS1 SFRS10 SFRS7 
SNRPD1 

GO:0051170 [7]: nuclear import KPNB1 
GO:0006606 [7]: protein-nucleus import KPNB1 
GO:0017038 [6]: protein import KPNB1 
GO:0051169 [6]: nuclear transport KPNB1 
GO:0006913 [6]: nucleocytoplasmic transport KPNB1 
GO:0007156 [6]: homophilic cell adhesion RET 
GO:0006605 [7]: protein targeting KPNB1 
GO:0044267 [6]: cellular protein metabolism DNAJC9 FBXO5 FKBP5 RET SFRS1 

GO:0019538 [5]: protein metabolism DNAJC9 FBXO5 FKBP5 RET SFRS1 

GO:0009987 [2]: cellular process 
DCK DNAJC9 FBXO5 FKBP5 KPNB1 
NUP62 RANBP1 RET SFRS1 SFRS10 
SFRS7 SNRPD1 STMN1 

GO:0007154 [3]: cell communication RANBP1 RET STMN1 

GO:0006139 [5]: nucleobase, nucleoside, nucleotide and 
nucleic acid metabolism 

DCK SFRS1 SFRS10 SFRS7 SNRPD1 



GO:0044260 [5]: cellular macromolecule metabolism DNAJC9 FBXO5 FKBP5 RET SFRS1 

GO:0044238 [4]: primary metabolism 
DCK DNAJC9 FBXO5 FKBP5 RET 
SFRS1 SFRS10 SFRS7 SNRPD1 

GO:0043170 [4]: macromolecule metabolism DNAJC9 FBXO5 FKBP5 RET SFRS1 

GO:0050875 [3]: cellular physiological process 
DCK DNAJC9 FBXO5 FKBP5 KPNB1 
NUP62 RET SFRS1 SFRS10 SFRS7 
SNRPD1 

GO:0016337 [5]: cell-cell adhesion RET 
GO:0009117 [6]: nucleotide metabolism DCK 

GO:0044237 [4]: cellular metabolism 
DCK DNAJC9 FBXO5 FKBP5 RET 
SFRS1 SFRS10 SFRS7 SNRPD1 

GO:0008152 [3]: metabolism 
DCK DNAJC9 FBXO5 FKBP5 RET 
SFRS1 SFRS10 SFRS7 SNRPD1 

GO:0006461 [7]: protein complex assembly SFRS1 
GO:0007275 [2]: development RET 
GO:0007165 [4]: signal transduction RANBP1 RET STMN1 
GO:0006810 [4]: transport KPNB1 NUP62 
GO:0051179 [3]: localization KPNB1 NUP62 
GO:0051234 [4]: establishment of localization KPNB1 NUP62 
GO:0006886 [6]: intracellular protein transport KPNB1 
GO:0006464 [7]: protein modification FBXO5 RET 

GO:0007166 [5]: cell surface receptor linked signal 
transduction 

RET 

GO:0009653 [3]: morphogenesis RET 
GO:0015031 [5]: protein transport KPNB1 
GO:0045184 [5]: establishment of protein localization KPNB1 
GO:0008104 [4]: protein localization KPNB1 
GO:0046907 [5]: intracellular transport KPNB1 
GO:0006468 [8]: protein amino acid phosphorylation RET 
GO:0006512 [8]: ubiquitin cycle FBXO5 
GO:0030163 [6]: protein catabolism FBXO5 
GO:0007155 [4]: cell adhesion RET 
GO:0007242 [5]: intracellular signaling cascade STMN1 
GO:0044257 [7]: cellular protein catabolism FBXO5 
GO:0006508 [8]: proteolysis and peptidolysis FBXO5 
GO:0009887 [4]: organogenesis RET 
GO:0048513 [3]: organ development RET 
GO:0043285 [5]: biopolymer catabolism FBXO5 
GO:0016310 [7]: phosphorylation RET 
GO:0009056 [4]: catabolism FBXO5 
GO:0044248 [5]: cellular catabolism FBXO5 
GO:0044265 [6]: cellular macromolecule catabolism FBXO5 
GO:0006793 [5]: phosphorus metabolism RET 
GO:0006796 [6]: phosphate metabolism RET 
GO:0009057 [5]: macromolecule catabolism FBXO5 

 



Tables S6-S7- Related to Fig. 2. Matrices from ref. (2) used to identify estrogen-response-elements (EREs) 
and ERE-half-sites within 500 bp of peaks identified by ChIP-seq. 
 

ERE
A C G T Con rCon Deg rDeg

1 66.96 3.45 25.9 3.7 A T R Y
2 7.78 1.41 81 9.82 G C G C
3 17.98 5.49 74.87 1.66 G C G C
4 5.74 13.65 19.77 60.84 T A T A
5 1.66 85.08 1.41 11.86 C G C G
6 89.41 1.41 7.53 1.66 A T A T
7 7.78 42.22 21.81 28.19 C G Y R
8 11.86 48.34 29.98 9.82 C G S S
9 20.02 17.73 44.26 17.98 G C G C

10 1.66 7.53 1.41 89.41 T A T A
11 7.78 1.41 89.16 1.66 G C G C
12 69 11.61 15.69 3.7 A T A T
13 7.78 64.67 7.53 20.02 C G C G
14 9.82 85.08 1.41 3.7 C G C G
15 3.7 11.61 1.41 83.29 T A T A  

ERE-half-site A C G T Con
1 100 0 0 0 A
2 0 0 100 0 G
3 0 0 100 0 G
4 0 0 0 100 T
5 0 100 0 0 C
6 100 0 0 0 A  



Table S8- Related to Fig. 2. Primer sequences used for ChIP-qPCR. 

Genomic region Fwd primer Rev primer
1:145726633 gcaatctcttgccctgattt cactggccttctcactgacc
1:154945772 cttctgggatgaggttggtc gagagagagacttgccctcaga
1:156185683 agatcccaccattgcattct gcgtgtcagctgctctctatt
1:16889617 agagtcctgggtgacatgct gctcctctcgattccatcc
1:16936096 atgcctgtgatcccaacact tagtgcccagactggtttca
1:16992149 tgccatttgagaaggggtat ggtttacacctgacacgcatc
1:207016823 ccaccacacctgcctctataa gggttgtcaaagccctcata
1:207068478 tcaccttttgaacccaggtc gcccaacatcagttgagaatc
1:207074621 tcagcagtgacccagacctt gcagggtgtggacaaggtaa
1:23717989 tctaataggggcctgagaaagac ggcctgcttcctcatagaca
1:43457187 cttgctggaatgtttaatgttca caggacaacctaacctgtaattga
1:43457723 cttgctggaatgtttaatgttca caggacaacctaacctgtaattga
11:100904405 tgagctctgccttggaatg ccaaagcaaagaaaaacacca
11:35410439 tgtcatcaggcagcaagatt agccctgagatatcccacct
11:35424777 ctgcctaagtcgcatatccat tttgggcataaacataggaacc
12:2903076 gagtgaccgctcgactacaa ctggcccaggtcaagatg
12:56511505 tggagttggatgggatatgg cctaataacccgcgaaacct
12:93918986 tgccctcatcatggattttt ctgattgcctcgtcttttcc
12:93935172 tcaatgaatgttaatggttgctc cagagctgggctttgaacc
12:98898096 ccgccaattttcttgaatgt agccttgaggctcttcgata
16:30085938 ttgcggtttgccaaaatc gagccttccttgctcttgtc
16:50740287 cacagatggcatttgagcac tgtgcttatggaaactccatgt
16:53766012 aaggagaatgacctgcttgg ttatgagcggtaacaatgtaatctg
17:38476721 tcaggacagggcaagagtg actctgtggggagagggaac
17:41381160 gtttgggtgccaggtgttac gtcagggttcctgcacattc
17:45233786 cgaccagtttttggtttattttg tcctcagtgtcttatattgattcagc
17:45248826 tgtccctcctttttacattaggaa agggtgaaaaatgccacttg
17:80570825 cagcaggagcctcagacc gagggaggaaatgcatctgt
2:11638428 tgtcatgaacacggctcact taaaaagtggatacattggacttca
2:11671253 gggggaaataggatctgagg gtctgctccgcaaacacc
2:11699555 ccaggagacctgggtaaaca gctcgaggggacattcct
20:31319696 cccagattctcaacttctgagg gacatgtttgtgttccttatcagag
21:43795267 cggcccaaaacacagaag gagagcatccccctcgtc
21:43795353 cggcccaaaacacagaag gagagcatccccctcgtc
22:43129583 cactgtgccttgctggag cgcctcctcatacctgttgt
3:10012097 ccccacaggttaactaataaagtcc tgccagtactaatccttgctctc
3:196625081 gcgcctgtagtcacagctatt gtgcagtggcacgatctct
5:32370274 tcttgcacttagcatactgttttca ggcacatcgtgagaccctat
6:11047522 tgcaaagcacaccaggtaaa tgtggaagtatagggataattcaaagt
6:135533417 ttgggaaggaattctcattttta aaaataagcaggcatcaatgg
6:135573340 tctgctgctatggagaatgtg tccagcaatgtatgacttaccg
7:158387613 cccatttaggcaaacagcac gtcctgagggaaaagggttc
8:22594738 agcgaggggaccaatacac ctgtccagccggagttagag
8:41417383 ccaccgacgagagactgtaag cccaggttcctacccgata
8:67625140 cccatcggctaactctgg ttcaaaaacaaaagtaggctcca
8:67653709 ctaaggtaaaaggtgctaggatgg gctagatcagatgcccttgct
9:137029313 ggacttgggtgtggacctc ccggagatacggcagcta
X:16679493 aacagctacgctcttggttatgt tttttgccctgcttcaaagt

Neg Ctl (6:160837178) ggagagggtggacagattga tcagccttgctgctacagtg



Supplemental Experimental Procedures 
 
Cell lines. Long-term estrogen-deprived (LTED) cells were previously described in ref. (10). Cells were 

cultured in phenol red-free IMEM/10% dextran-charcoal-treated FBS [DCC-FBS, Hyclone, contains <0.0367 

pM 17β-estradiol (E2)] for 3-7 months until resistant cell populations emerged. 

Cell proliferation assays. Cells seeded in triplicate in 12-well plates (2.5x104/well for MCF-7 lines; 4x104/well 

for other lines) were treated with 10% DCC-FBS ± 1 nM E2, 1 μM 4-hydroxytamoxifen (4-OH-T), 1 μM 

fulvestrant (ICI 182780, Tocris Biosciences), or 0.2 μM PD-0332991 (a gift from Pfizer). Media and inhibitors 

were replenished every 2-3 days; after 5-10 days cells were trypsinized and counted using a Coulter counter. 

siRNA transfection experiments. Cells were reverse-transfected in 100-mm dishes using Lipofectamine 

RNAimax (Invitrogen) and 25 nM siRNA [siControl- Qiagen cat. #1027281; siESR1 (ER)- Qiagen cat. 

#SI02781401 (Fig. 1); siESR1 (ER)- Dharmacon cat. # L-003401-00 (data not shown); siCDK4- Dharmacon 

cat. #L-003238-00 (Fig. 4); siCDK4- Qiagen cat. # SI00299803 (data not shown)]. The next day, cells were 

reseeded in 12-well plates as above for proliferation assays or in 6-well plates for immunoblotting, all in 10% 

DCC-FBS. In cell proliferation assays, medium was changed the next day to 10% DCC-FBS ± 1 nM E2 or 1 

μM fulvestrant, and again every 2-3 days. Cells were trypsinized and counted at 6-9 days post-transfection 

using a Coulter counter. For immunoblotting assays, protein lysates were collected at 2-3 days post-

transfection. 

Crystal violet assays. Cells were seeded in triplicate in 6-well plates (2.5x104/well for MCF-7 lines; 

4x104/well for other lines). Cells were treated with 10% DCC-FBS ± 1 μM fulvestrant. Media and fulvestrant 

were replenished every 2-3 days until 30-50% confluency was achieved in control wells. Cells were then fixed 

and stained with 20% methanol/80% water/0.5% crystal violet for 20 min, washed with water, and dried. 

Crystal violet staining intensity was quantified by scanning plates using an Odyssey Infrared Imaging System 

(LI-COR Biosciences) followed by analysis using the manufacturer’s software. 

Drug synergy experiments were used to quantify relative numbers of adherent cells to calculate IC50 

values and assess drug interactions as described (11). Cells were seeded in triplicate in 96-well plates 

(2x103/well for MCF-7 lines; 4x103/well for other lines) in 10% DCC-FBS. The next day, cells were treated with 

10% DCC-FBS and serial dilutions of BKM120 (0-5 μM; Novartis) or fulvestrant (0-5 μM). Medium and drugs 



were replenished every 2-3 days, and cells were fixed using 10% trichloroacetic acid after 6-9 days. Wells 

were stained with 0.4% Sulforhodamine-B (SRB) in 1% acetic acid for 10 min, washed 5 times with 1% acetic 

acid, and dried. SRB was solubilized in 10 mM Tris (100 μL/well) for 5 min., and absorbance was read at 490 

nm. IC50 values were determined using Calcusyn software (Biosoft), where the mean Abs490 value of triplicate 

wells was used. For drug synergy studies, cells were treated with fulvestrant and BKM120 at fixed ratios of the 

IC50 values. The combination indices (CI) for the drug combination at the IC50, IC75, and IC90 were determined 

by the Median Effect method (12). CI<1 is indicative of synergy. 

ER transcriptional reporter assay. Three genomic regions identified as ER binding sites in ChIP assays were 

PCR-amplified from MCF-7/LTED genomic DNA using the primers listed below, and subcloned into pGL4.23 

(minimal promoter-containing firefly luciferase reporter; Promega) using NheI and HindIII sites (incorporated 

into 5’ ends of primers, shown in lower case). 

Genomic region Primers PCR product size (bp) 

Chr 12: 2905178-2905426 

Forward 
aaaagctagcGAGTGACCGCTCGACTACAAAT 
Reverse 
aaaaaagcttCAAAGACAGATGCACTTCTGGA 

248 

Chr 16: 53766167-53766653 
 

Forward 
aaaagctagcGTTAGCCAGCATGGTCTCGAT 
Reverse 
aaaaaagcttCCCCTCCTTTATGCCTACTGTT 

488 

Chr 1: 145726565-145726810 
 

Forward 
aaaagctagcGGTGGAGGAAGATAAGCTGGTA 
Reverse 
aaaaaagcttTTCTCACTGACCTGAATCCTCA 

247 

 

   Cells were transfected with pGLB-MERE [encodes two consecutive consensus estrogen response elements] 

or pGL4.23 vectors, and pCMV-Renilla (Promega; encodes CMV-driven Renilla luciferase) plasmids in 100-

mm dishes using Lipofectamine 2000 (Invitrogen). Cells were then reseeded in 12-well plates as above in 10% 

DCC-FBS. The next day, cells were treated as above, and luciferase activities were measured after 16-20 h 

(Fig. S1) or 24-48 h (Fig. 3F) as described (13). 

Immunoprecipitation and immunoblotting. Cells and tumors were lysed in NP-40 buffer plus protease and 

phosphatase inhibitors, sonicated for 10 sec, and centrifuged at 18,000 x g for 10 min. Protein was quantitated 

using BCA assay (Pierce). Equal amounts of protein from 2-3 tumors were pooled. ERα was 

immunoprecipitated for 16 h at 4°C from lysates of cells that had been treated with 10% DCC-FBS ± 1 μM 



BKM120 or 20 nM RAD001 (everolimus) using an ER antibody (Santa Cruz). Immunoprecipitates and lysates 

were analyzed by immunoblotting as described (10) using antibodies against ERα, E2F1, E2F2, c-myc, LAP2, 

p15, FANCD2, p107 (Santa Cruz Biotech.), PR (Dako), CDK4, Rb, P-RbS780, p107, AKT, P-AKTS473, P-AKTT308, 

P-S6S240/244 (Cell Signaling), and Actin (Sigma). 

Gene expression analyses. MCF-7/LTED and HCC-1428/LTED cells were treated with 10% DCC-FBS 

containing 1 μM fulvestrant or ethanol (0.1%) x 48 h in triplicate; RNA was harvested and analyzed using 

Affymetrix HG_U133_Plus_2 microarrays as described (10). Data files are available on the Gene Expression 

Omnibus (GEO; GSE22533). Microarray data were analyzed using R software (www.r-project.org). The Robust 

Multiarray Average (RMA) method was applied to the pre-processing procedure for the log2-transformed gene 

expression levels.  Probe sets included for further analysis were selected based on False Discovery Rate 

(FDR)-adjusted p-value using t-tests, as well as the fold-change method where ‘vehicle-treated’ log2 probe set 

signal values (mean of triplicates) were subtracted from ‘fulvestrant-treated’ values (fulvmean - vehiclemean). The 

moderated t-statistic was generated using empirical Bayes shrinkage method for each probe set. The 

Benjamini-Hochberg multiple testing correction-based FDR method was next applied to calculate the adjusted 

p-value for each probe set. 

Correlations with an E2-induced signature. We derived an E2-induced gene signature from two prior 

reports. From the work of Carroll et al. (2), we included genes altered by treatment of MCF-7 cells with E2 for 

3-12 h (p<0.05). From the work of Bourdeau et al. (14), we included genes altered by treatment of MCF-7 cells 

with E2 for 24 h (p<0.01; provided by the authors). Comparison of these two datasets yielded 49 and 122 

overlapping genes which were respectively down- and up-regulated by E2. These 171 genes were extracted 

from our LTED ± fulvestrant expression data, resulting in 141 unique genes. For genes with multiple probe 

sets, the most variable probe set was utilized. The resulting data matrices for both HCC-1428/LTED and MCF-

7/LTED cells were row-standardized and used to generate heatmaps in R to visualize gene expression 

changes due to fulvestrant treatment under hormone-depleted conditions (Fig. 2A). 

Identification of transcription factor motifs and Connectivity Mapping. We determined the probe sets up- 

or down-regulated by fulvestrant in each LTED line (≥1.5-fold, p≤0.05 by t-test), and then determined which 

probe sets were commonly deregulated in both cell lines. This analysis yielded 1,434 probe sets mapping to 

718 down- and 285 up-regulated genes. These 1,003 genes were used to query the TRANSFAC database (8) 



using the Molecular Signatures Database (15) to identify common transcription factor binding motifs ± 2 kb of 

transcription start sites. These genes were also classified using Gene Ontology (GO) analysis (16) using 

GATHER (17) to identify biological processes common to groups of proteins encoded by these genes. 

To determine which drugs induced gene expression profiles similar to that induced by fulvestrant in 

LTED cells, the set of 1,003 genes (1,434 probe sets) from above was filtered using NetAffx (Affymetrix) to 

identify genes present on the Affymetrix HG_U133A platform used to generate the Connectivity Map (18). This 

yielded a set of 671 available genes, which were used to query the Connectivity Map. 

Correlation of E2F activation signature with response to letrozole. We assessed the relationship 

between genes containing an E2F motif and response to letrozole in primary human tumors. Raw breast tumor 

gene expression data (CEL files) were obtained from GEO [GSE5462; dataset described in ref. (19)]. The 

study was approved by the local Institutional Review Board (LREC; 2001/8/80 and 2001/8/81). 

Postmenopausal women with ER+ breast cancer were treated with neoadjuvant letrozole. RNA was extracted 

from tumor biopsies obtained before and after 2 weeks of therapy and was analyzed using Affymetrix 

HG_U133A arrays. Scoring of Ki67 IHC was performed on 5-μm paraffin-embedded sections from core 

biopsies. Ki67-positive and -negative cells counted in 10 high-power fields were used to quantify expression as 

described (20). Corresponding gene expression and Ki67 data were available for 48 patients. 

From the TRANSFAC analysis of expression data from LTED cells treated ± fulvestrant (above & Fig. 

3A), we generated a list of 61 genes altered by fulvestrant (all downregulated) in both LTED lines that contain 

proximal E2F binding motifs. Gene Ontology (GO) analysis (16) using GATHER (17) revealed that 37/61 genes 

were associated with the cell cycle, leaving a set of 24 genes with no known cell cycle association (Table S5). 

Fifty-three available probe sets mapping to 20 of these 24 genes were extracted from the patient tumor 

dataset. Pre-treatment and post-treatment tumor gene expression data were processed separately. Microarray 

data were RMA-normalized and filtered to extract the most variable probe set for each gene (in R software 

using package: genefilter). Data were hierarchically clustered using R to generate heatmaps to visualize 

similarities between tumors (Fig. S7C-D). Tumors did not cluster into obvious groups, possibly because overall 

expression levels of these genes occur along a continuum in breast cancer. Therefore, a gene signature of 

E2F activation may be better represented as a ‘score’ for each individual tumor. 



In order to calculate an ‘E2F activation score’ for each tumor, the most variable probe set for each gene 

was used. All log2-transformed signal intensities for the 20/24 available genes were added together, generating 

an unscaled ‘E2F score’ that recapitulates the degree of E2F activation. Thus, a high sum value for a given 

tumor corresponded to a signature of high E2F activation. E2F scores were standardized to Z-scores by 

subtracting the mean score for the cohort, and then dividing by the standard deviation of the scores for the 

cohort. Thus, the Z-scores for any given cohort have a mean of 0 with a standard deviation of 1. Z-scores were 

evaluated in a linear model in comparison to the pre- and post-letrozole Ki67 scores. Pearson correlation 

coefficients (r) and ANOVA p values were calculated. 

 Correlation of E2F activation signature with response to anastrozole. The same procedure as above 

was used to assess the correlation between E2F activation and response to anastrozole in a second cohort of 

patients with ER+ breast cancer [gene expression data are available at Array Express # E-MTAB-520; dataset 

described in (21)]. The study was approved by the Institutional Review Board of the recruiting centers. 

Fourteen-gauge core biopsies were collected prior to commencing treatment and snap-frozen in liquid nitrogen 

(for RNA extraction) or fixed in 10% formalin and paraffin-embedded. Eligible patients were then treated with 

anastrozole (1 mg/day); a repeat core biopsy was taken on day 14 of therapy. Ki67 IHC scoring was performed 

on 5-μm paraffin-embedded sections from core biopsies. Ki67-positive and -negative cells were counted in 10 

high-power fields (40x magnification), and the percentage of Ki67+ cells was calculated. 

For comparison to the 24-gene E2F activation signature, NCBI gene symbols were used to cross-

reference the data matrix against this E2F signature; 31 available probe sets mapping to 21/24 genes were 

extracted from the tumor dataset. Pre- and post-treatment tumor gene expression data were processed 

separately as above. E2F Z-scores were compared to the post-anastrozole Ki67 scores as above. 

Corresponding gene expression and Ki67 data were available for 68 patients. 

Reverse-phase protein array (RPPA) analysis. The study was approved by the Vanderbilt University 

Institutional Review Board (VU-VICC-IRB-080064; NCT00651976). Fourteen-gauge core biopsies from primary 

breast tumors were collected prior to treatment, fixed in 10% formalin, paraffin-embedded, and analyzed by 

IHC. Surgical samples of primary tumors obtained from ten patients with ER+ breast cancer following 10-21 

days of therapy with neoadjuvant letrozole were snap-frozen in liquid nitrogen. Protein was extracted from 

tumors and RPPA was performed on tumor lysates as described previously (10, 22). Briefly, tumor lysates 



were normalized to 1 µg/µL concentration using BCA assay, boiled with 1% SDS, and diluted in six or eight 2-

fold serial dilutions with lysis buffer. An Aushon Biosystems (Burlington, MA) 2470 arrayer created 1,056-

sample arrays on nitrocellulose-coated FAST slides (Schleicher & Schuell BioScience, Inc.) from the serial 

dilutions. Slides were then probed with validated primary antibodies against FANCD2 (Abcam cat. # ab12450) 

and CDK1/CDC2 (Calbiochem cat. # CC01). The antibody signal was next amplified using a DakoCytomation–

catalyzed system. A secondary antibody was used as a starting point for amplification. The slides were 

scanned, analyzed, and quantitated using Microvigene software (VigeneTech Inc.) to generate serial dilution–

signal intensity curves for each sample with the logistic fit model: ln(y) = a + (b – a)/(1 + exp (c*[d – ln(x)])). A 

representative natural logarithmic value of each sample curve on the slide (curve average) was then used as a 

relative quantification of the amount of each antigen in each sample. These amounts were expressed as a log2-

mean centered value after correction for protein loading using the average expression levels of over 50 

proteins as previously described. Log2-transformed signal values were standardized to generate Z-scores, 

which were compared to post-letrozole Ki67 scores using linear regression. 

Chromatin immunoprecipitation/ Next generation DNA sequencing (ChIP-seq). Chromatin 

immunoprecipitation (ChIP) was performed as described in ref. (23). MCF-7/LTED and HCC-1428/LTED cells 

were seeded in 150-mm dishes. At ~80% confluence, cells were washed with warm serum-free IMEM, and 

fixed with 1% formaldehyde in serum-free IMEM x 10 min. at 37°C. Cells were washed 2x with cold PBS, then 

scraped into 1 mL of cold PBS plus protease inhibitor cocktail (PIC, Roche). Cells were centrifuged at 300 xg 

for 3 min at 4°C, resuspended in PBS + PIC, and put on ice for 10 min. Cells were washed again with cold 

PBS and centrifuged. PBS was aspirated, and cells were resuspended in residual PBS. Cells were lysed in 

300 μl buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl pH 8.1, PIC). Lysates were sonicated 3 x 10 sec using 

a Sonic Dismembrator Model 100 (Fisher) at 70% power, and centrifuged at 18,000 x g for 10 min at 4°C. 

Supernatant was diluted 1:10 in Dilution buffer (1% Triton, 2 mM EDTA, 150 mM NaCl, 20 mM Tris-HCl pH 

8.1). 

 Protein G magnetic Dynabeads (Invitrogen) were prebound with ERα antibodies. One-hundred μL of 

bead slurry was washed 3x with PBS plus BSA (5 mg/mL), and resuspended in 500 μL of PBS/BSA plus 2 μg 

mouse-anti-ERα Ab10 (Neomarkers) and 2 μg rabbit-anti-ERα HC-20 (Santa Cruz). Beads were rocked at 4°C 

for 4 h, then washed 2x with PBS/BSA. Beads were then added to the diluted cell lysates from above, and 



mixtures were rocked overnight at 4°C. Beads were washed 6x in RIPA buffer (50 mM HEPES pH 7.6, 1 mM 

EDTA, 0.7% Na deoxycholate, 1% NP-40, 0.5 M LiCl) at 4°C, with 5-10 min of rocking between washes. Beads 

were then washed 2x with TE buffer (pH 7.6), and resuspended in 100μl of 1% SDS/0.1 M NaHCO3. Beads 

were vortexed every 5 min for 30 min total, then incubated at 65oC overnight to reverse cross-linking. Beads 

were mixed into solution again for 20 min, and DNA was purified used Nucleotide Removal Kit (Qiagen). 

 Thirty nanograms of ChIP DNA was end-polished with T4 DNA polymerase and kinase. An adenosine 

base was added to the polished DNA fragments followed by Qiaquick column clean-up (Qiagen). Solexa 

adaptors were ligated to the ChIP DNA fragments. Samples were run on a 2% e-gel (Invitrogen) for 10 min. A 

gel region from 200-400 bp was excised, and DNA was purified using Gel Extraction Kit (Qiagen). Samples 

were amplified by PCR using 2X Phusion Master Mix and Paired End Primers 1.0 and 2.0 for 18 cycles. 

Samples were purified using Nucleotide Extraction Kit (Qiagen) and eluted in 12 μL EB Buffer. Samples were 

then run on a DNA-1000 chip to check the average size of the library prep. All samples had an average size of 

300 bp. 

 Library preps were next subjected to Solexa sequencing using the Genome Analyzer II according to the 

manufacturer’s instructions. To identify ER binding regions and define specific peaks, we employed the model-

based analysis of ChIP-seq (MACS) algorithm (24) in Python with the following parameters: effective genome 

size = 2.7 x 109; band width = 300; model fold = 10,30; p-value cutoff = 10-5; range for calculating regional 

lambda = 10,000 bp; tag size = 43 bp; maximum duplicate tags at the same position in treatment = 2. ChIP-seq 

peaks identified in our experiments were compared to lists of peaks identified by E2 and EGF stimulation of 

MCF-7 cells reported in (1-4), respectively. For these comparisons, our data were converted from hg19 build to 

hg18 to match formatting. ChIP-seq peaks were evaluated for genomic annotation using the cis-regulatory 

element annotation system [CEAS (25)]. Peaks were scanned for EREs and ERE-half-sites within 500 bp 

using the matrices in Tables S6-S7. Peaks were searched for 50-bp de novo motifs using MEME (7). The top 5 

motifs identified by MEME were evaluated using the Transfac database (8) via ChipMapper (9) to determine 

which transcription factor motifs they contained. Peaks were also analyzed using the SeqPos tool in Galaxy (5, 

6) to identify Transfac-based transcription factor motifs within 600 bp of a summit (listed in Tables S1-S4 in 

Excel file). 



Chromatin immunoprecipitation/quantitative PCR (ChIP-qPCR). ChIP was performed similarly to that 

reported in (2, 26). MCF-7/LTED and HCC-1428/LTED cells were grown to ~80 confluence in four 150-mm 

dishes. Cells were fixed by adding 650 μL of 37% formaldehyde to the 24 mL of conditioned medium/dish 

followd by agitation on an orbital shaker for 15 min at room temperature. Fixation was stopped by the addition 

of 1.65 mL of 2 M glycine, and dishes were agitated for another 5 min. Cells were washed with PBS, then 

treated with 1 mL trypsin/EDTA for 5 min. Cells were scraped and transferred to a 50-mL tube containing 5 mL 

of growth medium (IMEM + 10% DCC-FBS). Cells were centrifuged at 800 xg at 4°C for 5 min, resuspended in 

20 mL PBS, centrifuged again, resuspended in 10 mL Cell Lysis buffer (50 mM Hepes pH 8, 1 mM EDTA, 0.5 

mM EGTA, 140 mM NaCl, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100, PIC), and rocked at 4°C for 10 min. 

Lysates were centrifuged at 800 x g at 4°C for 5 min, and nuclear pellets were resuspended in 10 mL Nuclei 

Wash buffer (10 mM Tris-HCl pH8, 1 mM EDTA, 0.5 mM EGTA, 200 mM NaCl, PIC). Nuclei were washed by 

rocking at 4°C x 10 min, centrifuged as above, and nuclear pellets were lysed in 0.5 mL Nuclei Lysis buffer (50 

mM Tris pH 7.9, 10 mM EDTA, 1% SDS, PIC). Nuclear lysates were sonicated 6 x 20 sec using a Sonic 

Dismembrator Model 100 (Fisher) at 40% power, and centrifuged at 18,000 x g for 10 min at 4°C. Twenty-five 

μL of supernatant was retained as the input fraction. The remainder of the supernatant was split into 2 tubes (1 

for IgG ChIP; 1 for ERα ChIP) and diluted 1:10 in Dilution buffer (1% Triton, 2 mM EDTA, 150 mM NaCl, 20 

mM Tris-HCl pH 8.1) plus 2 mg/mL BSA and PIC.  

 ChIP using human ER+ breast tumors was performed similarly. From the set of tumors obtained from 

patients following 10-21 days of neoadjuvant therapy with letrozole (described above), we selected three 

specimens with 40-75% ER+ cancer cells from which 30-40 mg of frozen tumor tissue was available. On dry 

ice, tissues were fragmented and then incubated in 15-mL tubes in 10 mL of 1% formaldehyde/PBS x 15 min 

on a rocker at room temperature. Fixation was stopped by the addition of 690 μL of 2 M glycine, and tubes 

were rocked for another 5 min. Tubes were centrifuged at 200 xg for 5 min. Tissues were washed with cold 

PBS, centrifuged, and resuspended in 1 mL cold PBS. Tumor tissue suspensions were then homogenized 

(Omni THq digital tissue homogenizer with hard-tissue probes; Omni International) on ice. Homogenates were 

transferred to 1.5-mL tubes, centrifuged at 1,000 xg at 4°C for 5 min, resuspended in 1 mL Cell Lysis buffer, 

and rocked at 4°C for 10 min. Lysates were centrifuged at 800 xg at 4°C for 5 min, and nuclear pellets were 

resuspended in 1 mL Nuclei Wash buffer. Nuclei were washed by rocking at 4°C x 10 min, centrifuged as 



above, and nuclear pellets were lysed in 0.4 mL Nuclei Lysis buffer. Nuclear lysates were sonicated 8 x 20 sec, 

and centrifuged at 18k xg for 10 min at 4°C. Twenty-five μL of supernatant was retained as the input fraction. 

The remainder of the supernatant was split into 2 tubes (1 for IgG ChIP; 1 for ERα ChIP) and diluted 1:10 in 

Dilution buffer as above.  

 Protein G magnetic Dynabeads (Invitrogen) were prebound with antibodies. One-hundred μL of bead 

slurry was washed with Dilution buffer plus 2 mg/mL BSA, and resuspended in 100 μL of the same buffer plus 

2 μg mouse-anti-ERα Ab10 (Neomarkers) and 2 μg rabbit-anti-ERα HC-20 (Santa Cruz), or 2 μg normal 

mouse IgG and 2 μg normal rabbit IgG (Santa Cruz). Beads were rocked at 4°C for >1 h, then added to the 

diluted nuclear lysates from above, and mixtures were rocked for 4-5 h at 4°C. Beads were washed 6x in RIPA 

buffer (50 mM HEPES pH 7.6, 1 mM EDTA, 0.7% Na deoxycholate, 1% NP-40, 0.5 M LiCl) at 4°C, with 5-10 

min of rocking between washes. Beads were then washed 2x with TE buffer (pH 8), and resuspended in 100 μl 

of TE. Seventy-five μL of water was added to input samples. All samples were treated with 1 μL of RNase A 

(10 mg/mL) x 20 min at 37°C, followed by the addition of 5 μL of 10% SDS (ChIP samples only) and 1 μL of 

proteinase K (20 mg/mL). Samples were incubated at 55°C for 3 h and then at 65°C overnight. Samples were 

heated at 95°C x 10 min to inactivate proteinase K, followed by phenol/chloroform extraction and DNA 

purification using Nucleotide Removal Kit (Qiagen). 

 DNA was analyzed by real-time qPCR in triplicate with 2x SYBR Green Master Mix in an iCycler 

machine (Bio-Rad). The fold-enrichment of ChIP samples was calculated using the ΔΔCt (threshold cycle) 

method. Ct values for ER-ChIP and IgG-ChIP samples were normalized to input DNA Ct values, and then 

independently to respective Negative Control Ct values to account for antibody background. Primer sequences 

are listed in Table S8. PCR product sizes were confirmed by agarose gel electrophoresis; primer pairs which 

yielded non-specific PCR products were excluded from analysis. Fold-enrichment of ER-ChIP over IgG-ChIP 

was visualized using heatmaps generated in Excel.  

siRNA library screen. MCF-7 and MCF-7/LTED cells were transiently transfected with the Dharmacon RTF 

Protein Kinase siRNA library as described (27). The library included ten 96-well plates containing SMARTpool 

siRNAs targeting 779 protein kinases. MCF-7 and MCF-7/LTED cells were reverse-transfected in 96-well 

plates (104 cells/well in 10% DCC-FBS) containing 5 pmol of siRNA/well using Dharmafect 1 (Dharmacon). 



Each 96-well plate also contained one well with 100 μL of medium as a blank, and ≥3 wells containing non-

silencing control siRNAs (siGENOME Non-Targeting siRNA Pool #2, Dharmacon). Twenty-four h post-

transfection, cells were trypsinized and divided into three replicate plates containing 10% DCC-FBS. Cell 

viability was measured four (MCF-7/LTED) or five (MCF-7) days later by Alamar Blue assay (Invitrogen). After 

a 4-h incubation with Alamar Blue, fluorescence values were read using a Spectramax M5 (544 nm excitation, 

590 nm emission; Molecular Devices). The fluorescence reading for each well on a plate was standardized 

within each plate to generate a Z-score (robust version). We calculated the mean Z-score (Z-scoremean) of 

triplicate wells for each siRNA within an experiment. The experiment was repeated three (MCF-7) or four times 

(MCF-7/LTED), and then we calculated the median Z-score across experiments [median of (Z-scoremean1, Z-

scoremean2, Z-scoremean3, Z-scoremean4)]. Median Z-scores were ranked, and are shown in Fig. 4A. 

Mouse xenograft experiments were approved by the Vanderbilt Institutional Animal Care and Use 

Committee. Ovariectomized female athymic Balb/c mice (4-5 wks old; Harlan Sprague Dawley) were implanted 

with a 14-day-release E2 pellet (0.17 mg; Innovative Research of America) in the dorsal s.c. space. Mice were 

injected s.c. immediately after with 0.5-1x107 MCF-7 cells suspended in IMEM and mixed with matrigel (BD 

Biosciences) at 1:1 ratio. After 15-26 days, mice bearing tumors >100 mm3 were randomized to treatment with 

vehicle (100 μL/d 0.9% NaCl), PD-0332991 (100 mg/kg/d in 100 μL vehicle via orogastric gavage), or 

fulvestrant (5 mg/wk in 100 μL, clinical formulation, s.c.). In a separate experiment, tumor-bearing mice were 

randomized to vehicle (100 μL/d 10% NMP/90% PEG-300), BKM120 (30 mg/kg/d in 100 μL vehicle via 

orogastric gavage), fulvestrant, or BKM120 plus fulvestrant. Tumor diameters were measured using calipers 

twice weekly and volume in mm3 calculated with the formula: volume = length2 x width/2. Difference in tumor 

volume between groups was first analyzed using a linear mixed model across all time points in R (www.r-

project.org). Secondarily, a general linear model was used for analysis of differences between treatment 

groups at each time point. At the end of the experiment, harvested tumors were excised and flash-frozen in 

liquid nitrogen, or fixed in 10% formalin for paraffin embedding. Five-μm paraffin sections were used for H&E 

staining and for IHC using antibodies against Ki67 (Biocompare), cleaved caspase-3 [Cell Signaling cat. # 

9661; may cross-react with cleaved caspase-7 (28)], and P-Histone H3Ser10 (Cell Signaling). Ki67 was scored 

as the estimated % positively-stained cells in a tumor section at 40x. Cleaved caspase-3/7 and P-Histone 



H3Ser10 were scored as the number of positively-stained cells in five and seven microscopic fields of viable 

tumor at 400x mag., respectively. 

 [18F]FDG-PET imaging. This procedure was performed as described previously in ref. (29). Mice were 

injected retro-orbitally with 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG; 200-250 μCi; from the Vanderbilt 

University Medical Center Radiopharmacy). Following a 40-min accumulation period, 10-min static positron 

emission tomography (PET) scans were collected on a Concorde Microsystems microPET Focus 220. Images 

were reconstructed using the ordered-subsets expectation-maximization (OSEM) algorithm followed by 

maximum a posteriori (MAP) reconstruction. Mean standard uptake values (%ID/g) were quantified by 

manually drawing regions of interest around the tumor using ASIPro VM (CTI Concorde Microsystems) and 

normalizing the mean activity to the injected dose and body weight. Mice were imaged at baseline (pre-

treatment), then randomized to treatment with vehicle, BKM120 (60 mg/kg/d), or fulvestrant (5 mg on days 0 

and 7) and re-imaged 9 days later. [18F]FDG-PET pre- and post-treatment %ID/g values were analyzed by two-

way ANOVA, followed by post-hoc t-test within each treatment group. Percent changes in %ID/g were 

calculated as [(post-treatment %ID/g) – (pre-treatment %ID/g)]*100/(pre-treatment %ID/g), which were 

compared to % changes in tumor volume (baseline vs. 1.5 wks) using linear regression. 
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