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INTRODUCTION 

Estrogen plays a critical role in the development and progression of breast cancer. The 
biological activities of estrogen are mediated by estrogen receptors (ER). In addition, a 
large number of proteins termed cofactors are involved in ER signaling. Therapeutic' 
agents, such as tamoxifen, also bind ER, but block proliferation in breast cells. However, 
tamoxifen increases the risk of endometrial cancer. We have used chromatin 
immunoprecipitation (ChIP) to investigate cofactor involvement in ER signaling in vivo 
and to understand the mechanisms underlying the different actions of tamoxifen in breast 
and endometrial cells. We have found that differences in cofactor expression underlie 
tissue-specific effects of tamoxifen. ChIP, in combination with tiled arrays of individual 
chromosomes, has been used to identify distant ER-binding sequences that regulate gene 
expression^ Gene expression profiling has been used to identify differential regulation of 
ER targets in breast and endometrial cells, and these targets have been evaluated for their 
ability to regulate cell proliferation. The detailed understanding of tissue- and ligand- 
dependent changes in gene expression gained through these studies will lead to more 
effective therapies for ER-dependent breast cancer. 



BODY 

(Note: In August 2003 the PI, Dr. Eli Hestermann, departed Dana Färber Cancer Institute. 
The award was not subsequently transferred to a new PL The new data in this report 
represents the work of Dr. Hestermann in the period July - August 2003, as well as 
subsequent efforts by others to complete these projects. Dr. Hestermann has prepared the 
report.) 

Task #1 To identify the coactivators that are involved in the estrogen-induced 
transcription complex and to determine the sequence of events and the dynamics involved 
in the assembly and disassembly of the transcription complex 

Status: Complete (see previous report and Shang et al2000 Cell 103:843-852) 

Task #2 To compare the protein components of the tamoxifen-induced ER 
complex that occupies estrogen-responsive gene promoters in breast cancer cells and in 
endometrial cancer cells 

a) Identify coactivators/corepressors that participate in tamoxifen-induced ER 
complex formation at target gene promoters in breast cancer cells 

b) Identify coactivators/corepressors that participate in tamoxifen-induced ER 
complex formation at target gene promoters in endometrial cancer cells 

c) Define the sequence of events that are involved in the assembly and 
disassembly of tamoxifen-induced ER complexes in both breast and 
endometrial cancer cells 

Status: Objectives (a) and (b) accomplished for a several genes (see previous report and 
Shang and Brown 2002 Science 295:2465-2468). The new ChIP2 technique (see task 3) 
makes this possible on a genome-wide scale. 

The mechanisms of complex assembly and disassembly (obj ective c) have not 
been determined. 

Task #3 To identify new estrogen- and tamoxifen-responsive genes in breast 
cancer cells and endometrial cancer cells 

a) Isolate DNA fragments by ChIP and identify ER-regulated genes using 
microarrays. 

b) Confirm the targets by quantitative RT-PCR of RNA from estrogen- and 
tamoxifen-treated breast and endometrial cells 

c) Apply ChIP using antibodies for coactivators and corepressors to identify the 
components of ER complexes at each gene 

d) Identify common and unique targets of ER in breast and endometrium 
Status: The ChIP technique (objective a) has been developed and has produced data on 
genome-wide promoter binding by ER and associated cofactors (objective c) - see 
Appendix. Expression microarray data has been mined to determine common and unique 
targets of ER in breast and endometrium (objective d), and targets of interest have been 
confirmed by quantitative RT-PCR (objective b). The ability of these targets to affect cell 
proliferation has also been determined. 



During this final year of funding, the CHIP2 technique has provided exciting new 
data on gene regulation by ER in breast cancer cells. Due to continuing technical 
difficulties, the printed DNA arrays used in previous years were abandoned in favor of 
tiled oligomer arrays that cover the sequence of entire chromosomes. Besides yielding 
more consistent results, these arrays will show all DNA binding sites, not just those in the 
specific promoters spotted on the previous arrays. 

The details of this research are in the attached manuscript that has been submitted 
for publication (Appendix). In brief, ER-bound DNA was isolated from estrogen-treated 
cells, amplified, and hybridized to arrays covering chromosomes 21 and 22. Not only 
were known ER-binding sites identified by this technique, but sites over 100 kb distant 
from any known gene also showed specific ER binding. The bonafide activity of these 
sites is supported by recruitment of the cofactor AIB1 and RNA polymerase II to these 
sites, but not nearby control sites, as well as by their estrogen-dependent enhancement of 
reporter gene expression. Tamoxifen also caused ER recruitment to these sites, although 
not to the same extent as estrogen. Although the sites identified contained canonical ERE 
sequences, only a small fraction of all such sequences were occupied by ER. This same 
approach is now being used to probe the ER binding sites in the remaining chromosomes, 
as well as to expand the repertoire of cofactor binding sites. 

The other advance made in the final year was in examining the functional 
significance of oncogenes that are regulated by estradiol in both breast and endometrial 
cells, but by tamoxifen only in endometrial cells. The genes c-myc, c-myb, and cyclin Dl 
had been shown to satisfy these criteria in previous experiments.We designed RNAi 
oligonucleotides to knock down expression (Figure 1). Consistent with earlier results, 
knockdown of c-myc also reduced cyclin Dl expression in both cell types and reduced c- 
myb expression in MCF-7 cells. Reducing expression of c-myb also affects levels of the 
other two genes in ECC-1 cells. This is unsurprising, since c-myc and c-myb are 
transfection factors that regulate expression of G1->S cyclins. 

Following knock-down of expression by RNAi, the ability of MCF-7 breast 
cancer and ECC-1 endometrial cancer cells to proliferate in response to estradiol, 
tamoxifen, or serum was determined (Figure 2). Reduction of cyclin Dl expression 
reduced cell cycle progression in both cell types, nearly abrogating it in ECC-1 cells. 
Knockdown of c-myb in MCF-7 cells reduced cell cycle progression, but surprisingly 
knockdown of c-myc had little effect. As expected, MCF-7 cells did not proliferate 
following tamoxifen treatment. Reduction of either c-myc or c-myb levels caused a -60% 
decrease in cell proliferation in ECC-1 cells. This may be a secondary effect, since both 
treatments also led to a reduction in cyclin Dl expression. The ECC-1 cells did not 
proliferate in response to tamoxifen, and this experiment will be repeated in a tamoxifen- 
responsive endometrial cell line. In both cell types/responses to complete serum were 
similar to those with estradiol alone, suggesting that estrogens are the critical mitogens in 
serum. 



KEY RESEARCH ACCOMPLISHMENTS 

• CHIP has been used to identify ER binding sites on a chromosome-wide scale 
• Novel ER binding sites distant from genes have been shown to recruit cofactors and 

stimulate transcription 
• Only a small fraction (~1.5%) of the available estrogen response element sequences 

in the genome are bound by ER in response to estradiol or tamoxifen treatment 
• Reducing expression of cyclin D1 or c-myb reduces estrogen-induced proliferation in 

both breast and endometrial cells, while reduction of c-myc reduces proliferation 
specifically in endometrial cells 

REPORTABLE OUTCOMES 
(The first four outcomes are new; the others represent the entire period of the 

award) 

A manuscript showing the ER binding sites across two entire chromosomes has been 
submitted for publication. 

A manuscript detailing the identification of tissue-specific ER targets involved in 
proliferation has been revised to include the proliferation data and will be submitted for 
publication. 

Dr. Hestermann successfully applied for NIH BRIN funding in his new position, based in 
part on data collected under this award. 

Dr. Hestermann has applied for an NIH R-15 award based in part on data collected under 
this award. 

Two publications: 1. Shang et al 2000 Cell 103:843-852 
2. Shang and Brown 2002 Science 295:2465-2468 

Drs. Shang, Hestermann, and Brown have presented this work at several conferences, 
including the American Association for Cancer Research and the Nuclear Receptor and 
Enzymology of Chromatin Keystone meetings. 

Based in large part on the success of this work, Dr. Shang was offered faculty positions at 
institutions both in the United States and abroad, and accepted a position at Beijing 
University. 

Based in part on the success of this work, Dr. Hestermann was offered multiple faculty 
positions and is now a professor at Furman University. 



CONCLUSIONS 

This project has produced a wealth of new information about regulation of gene 
expression by estrogen receptor in breast and endometrial cells. Identification and 
quantification of the binding of estrogen receptor and associated cofactors to promoters in 
vivo has provided novel insights into the mechanisms of gene regulation by ER. A key 
finding was that differential expression of the cofactor SRC-1 between breast and 
endometrium accounts for the action of tamoxifen in blocking proliferation in the former 
cells, while promoting proliferation in the latter. This finding should provide means for 
combating resistance to tamoxifen therapy in breast cancer treatment, as well as leading 
to mechanistic testing of novel therapeutic agents which are superior to tamoxifen for 
breast cancer prevention. 

A combination of CHIP2 and expression profiling data has identified novel targets 
of estrogen action and has also established the key targets of estrogen action that 
influence cell proliferation. CHIP2 is also generating data on genome-wide promoter 
binding by ER and its associated cofactors. Using this technique and more traditional 
approaches, ER binding sites distant from genes have been shown to activate 
transcription. With specific targets of estrogen action identified and the mechanisms of 
their activation more clearly defined, targeted treatments of estrogen-dependent breast 
and endometrial cancer can be developed. 

REFERENCES 
Shang, Y., Xiao, H. DiRenzo, J., Lazar, M. A., and M. A. Brown. (2000) Cofactor 
dynamics and sufficiency in estrogen receptor-mediated transcription. Cell 103:843-852. 

Shang, Y. and M. A. Brown. (2002) Molecular determinants for the tissue specificity of 
SERMs. Science 295:2465-2468. 
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Figure 1. Expression of ER target genes in MCF-7 (A) or ECC-1 (B) cells 
following RNAi treatment. Cells were transfected for two days with oligos to 
knock down expression of luciferase (negative control) or the indicated ER 
targets. Expression of RNA was measured by qRT-PCR (A and B), and 
expression of protein was measured by immunoblot (C). ' 9 
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Figure 2. Cell cycle progression in MCF-7 (A) or ECC-1 (B) cells following 
RNAi treatment. Cells in hormone-depleted medium were transfected for two 
days with oligos to knock down expression of luciferase (negative control) or 
the indicated ER targets. Cells were then treated with 100 nM estradiol 1 uM 
4-hydroxytamoxifen, or 10% complete serum. After 24 hours, cells were 
fixed, stained with propidium iodide, and analyzed for cell cycle stage by flow 
cytometry. Change in fraction of cells in S or G2/M is relative to ethanol- 
treated controls. 
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Knowledge of the transcriptional regulation of estrogen target genes has been 

limited to promoter motif mapping and in vitro transcriptional data M. Here we 

have explored the in vivo association of the Estrogen Receptor with all of the non- 

repetitive sequence of chromosomes 21 and 22 by combining chromatin 

immunoprecipitations (CMP) with tiled microarrays. 32 clusters of ER binding sites 

were observed across the 35 million base pairs represented including sites more than 

100 kb distal to known estrogen regulated genes. A number of binding sites were 

further validated by ChIP and PCR. Additionally, RNA polymerase II and the 

oncogenic cofactor AIB-1, were shown to be recruited to all these sites in an 

estrogen dependent manner, thus supporting their role as bone fide transcription 

regulatory domains. Furthermore, many of the assessed binding sites contained 

intrinsic transcriptional activity in a luciferase reporter assay suggesting they are 

sites of localised transcription. A canonical ERE occurred in most binding sites, but 

only 1.5% of predicted EREs recruited ER, confirming a higher level of complexity 

with regards to in vivo ER-chromatin interactions and transcriptional regulation of 

target genes. 

Recent clarification of estrogen action has highlighted the increasing complexity of 

estrogen-mediated transcriptional regulation of target genes. A cyclic association of the 

Estrogen Receptor (ER), pl60 cofactors (such as AIB-1), Histone Acetyl Transferases 

(HAT) and chromatin modifying molecules, such as p300/CBP and p/CAF, with the 

promoter of the Cathepsin D and pS2/TFF-l genes are seen in a temporal and ordered 

fashion4'5. Estrogen Response Elements (ERE) have been identified within the 1 kb 5' 
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proximal region of the estrogen-regulated genes, TFF-1, EBAG9 and Cathepsin D genes6 

and putative Sp-1 and AP-1 regulatory regions within the promoters of the c-Myc and 

IGF-I genes2'3. A wealth of studies on ß-globin gene regulation has contributed to our 

understanding of general mechanisms of transcriptional regulation and has shown that 

Locus Control Regions (LCR) up to 25 kb from the gene, are capable of enhancing gene 

transcription (recently reviewed in7). However, the role and identification of long 

distance regulatory regions in estrogen-mediated transcription has not yet been addressed. 

Such a study is fundamental to our understanding of estrogen action, an important issue 

considering the list of estrogen target genes known to regulate cell proliferation8'9 and the 

importance of ER status in breast cancer development and progression10. This 

investigation combined chromatin immunoprecipitation (ChIP) analyses of in vivo 

protein-DNA complexes with novel 35 bp tiled microarrays that cover all the non- 

repetitive sequence within chromosomes 21 and 2211'12. The 780 characterized or 

predicted genes on chromosomes 21 and 2211 represent about 2% of the total 30,000- 

35,000 genes in the genome and provide a representative model for identifying paradigms 

of gene regulation by the estrogen pathway. Such a combination allows for an unbiased 

chromosome-wide analysis of in vivo association of ER with the genes and intergenic 

sequence represented by the million probes without limiting the investigation to gene 

proximal regions. 

Estrogen-dependent MCF-7 cells were deprived of hormones and stimulated with 

estrogen or vehicle for 45 minutes, a time period known to result in maximal recruitment 

of ER to the promoters of several known gene targets, including Cathepsin D and TFF-1, 
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which is located on chromosome 214. ER associated DNA was amplified under non- 

biased conditions, labelled and hybridized to the microarrays. Positive probe signals that 

were enriched by ER ChIP relative to input (total genomic DNA) were identified by 

subtractive modeling. Identification of clusters of enriched DNA sequences after replicate 

ER ChIP revealed a total of 32 discrete clusters of binding sites (Fig la, lb, table 1 and 

supplemental data 1). Localisation of ER to 400 bp within the proximal promoter of the 

estrogen-regulated gene, TFF-1, was observed, as was association with a region 10.5 kb 

upstream from the transcription initiation site (Fig la). The ERE had been previously 

mapped to a region 393 to 405 bp upstream from the transcription start site of TFF-11 and 

functioned as a positive control for the ChlP-microarray assay. Interestingly, a putative 

DNase hypersensitivity site had been mapped 10.5 kb upstream from the TFF-1 gene13, 

precisely where we observed ER association, and supports the in vivo association of ER 

with the two discrete sites upstream from TFF-1. 

Within the small list of 32 ER-binding clusters, we observed interaction with regions 

upstream from the gene encoding the XBP-1 transcription factor and within the DSCAM- 

1 gene. In direct support of the ER-binding data, XBP-1 has been implicated as an 

estrogen-regulated gene and DSCAM-1 has been upregulated in microarray analyses after 

estrogen stimulation1415. Interestingly, neither gene recruited ER to the 'classic' 5' 

promoter region, but possessed divergent patterns of association. The XBP-1 gene, 

recruited estrogen-ER to three distinct and discrete regions 13.2 kb to 22.9 kb from the 

transcription start site (Fig lb). DSCAM-1 showed a different profile of ER-association, 

namely a clustering of four to five ER-association sites between exons 6 and 9, more than 
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half a megabase from the transcription initiation site. All of the ER-binding sites 

adjacent to TFF-1, XBP-1 and DSCAM-1 were validated by ER CMP and standard PCR 

(Fig 2a-c). Also, quantitative PCR was performed on each of the sites after ER ChIP (Fig 

2f) confirming these in vivo binding sites as genuine ER-association domains. PCR of 

the XBP-1 promoter and an intergenic region between the TFF-1 promoter and novel 

putative enhancer were used as negative controls (primer sequences can be found in 

supplemental material 2). RNA from vehicle or estrogen-stimulated MCF-7 cells was 

converted into double stranded cDNA and hybridised to the chromosome 21 and 22 tiled 

microarrays to identify the repertoire of estrogen-regulated genes and their locations 

relative to the small pool of ER-binding sites on these two chromosomes. A number of 

genes were transcriptionally active at the 3 hr time point, but only 3% of all the genes on 

these two chromosomes were upregulated by estrogen stimulation, including TFF-1 and 

XBP-1 (Supplementary data 1). This provides evidence that XBP-1 is a direct 

transcriptional target of the ER pathway. DSCAM-1 was not upregulated by estrogen 

stimulation at the 3 hr time point assessed, but was transcribed 7-fold after 24 hr of 

estrogen stimulation (data not shown). The immediate association with ER to the 

DSCAM-1 gene, but the long delay in transcriptional activation may be a consequence of 

a requirement for subsequent modification of the receptor complex or delayed pre- 

initiation complex (PIC) assembly. Despite the mechanism for the delay, it now appears 

that early and delayed estrogen-regulated genes recruit the receptor with the same 

kinetics and events after ER-binding are responsible for initiating transcription. 
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SOD-1, a gene observed to be estrogen-regulated (supplemental data 1) was greater than 

130 kb from a single ER-binding site. This ER-binding site is further than previously 

conceived for regulatory regions. SOD-1 is a Superoxide dismutase gene involved in 

scavenging oxygen free radicals1617 and implicated in tamoxifen-resistant progression in 

MCF-7 xenografts18, but not previously implicated as an estrogen target gene. NRIP-1, 

another gene seen to be estrogen-regulated (supplemental data 1) is a transcriptional 

cofactor implicated in influencing ER activity19'20. No proposed method of NRIP-1 

transcription by estrogen has been hypothesised. Five binding sites were identified 200- 

240 kb from the start of NRIP-1, in a region of chromosome 21 well known for its 

scarcity of genes21. Standard ChIP of three of the NRIP-1 sites and the SOD-1 site 

confirmed that ER associates with all of these distant domains in an estrogen-dependent 

manner (Fig 2d and 2e). 5'RACE was conducted on the NRIP-1 gene to identify if 

previously missed exons existed closer to the ER-binding sites than initially suggested. 

Surprisingly, sequencing of the 5' terminus of the NRIP-1 transcript after estrogen 

stimulation revealed the presence of two previously missed exons for NRIP-1, 74.96 kb 

and 97.39 kb from the previously annotated gene start site (data not shown). Therefore, 

the ER-binding sites are between 107 kb and 144 kb from the bone fide first exon of 

NRIP-1. 

Functional investigation of the identified binding sites as essential transcriptional 

regulators is limited due to the large amount of sequence between the putative regulatory 

region and the gene. However, we explored the possibility that these ER-binding sites 

may recruit components indicative of transcriptional activation. RNA PolII ChIP 
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followed by real-time PCR was performed on all of the regulatory regions adjacent to 

TFF-1, XBP-1, DSCAM-1, NRIP-1 and SOD-1 genes. Interestingly, RNA PolII 

association was seen with all of these sites in an estrogen-dependent manner (Fig 2f). 

Furthermore ChIP of AIB-1, an oncogenic nuclear receptor cofactor22 confirmed that 

AIB-1 is also present on all of these 'regulatory' sites following estrogen exposure (Fig 

2f). This data provide evidence for these discrete ER-binding sites as functionally 

relevant estrogen regulatory domains, despite the fact that many exist further from the 

estrogen-regulated gene than was previously thought for enhancers. 

Little is known of the chromatin binding sites utilised by tamoxifen to inhibit 

transcription of the ER pathway. Using the specific and discrete pool of in vivo estrogen- 

ER-binding sites identified near TFF-1, NRIP-1, XBP-1, SOD-1 and DSCAM-1 genes, 

we performed ER ChIP following tamoxifen treatment of MCF-7 breast cancer cells. A 

majority of the association sites employed by ER in estrogen-mediated transcription were 

also sites of ER association during transcriptional abrogation by tamoxifen (Fig 2b) 

despite the dichotomy in protein recruitment4'23. However, not all of the ER-binding 

domains are common between estrogen and tamoxifen, suggesting that tamoxifen- 

specific binding sites might also occur. 

arem To distinguish if the distal enhancer regions and transcription initiation machinery 

physical contact, we performed ChIP of the TFIID (TBP) transcriptional initiation factor, 

a component known to promote PIC assembly prior to elongation 24'25. Quantitative PCR 

confirmed that TFIID is recruited to the promoters of both TFF-1 and XBP-1 following 
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estrogen treatment, but not on the enhancers of these genes (Fig 3a and 3b). Deletion of 

enhancer regions from the mouse ß-globin gene can dramatically decrease transcription 

of the globin gene, but the promoter can still recruit the transcription machinery7 

supporting the hypothesis that the PIC does not require enhancer regions for assembly on 

the promoter. Furthermore, TBP assembly on an Ig promoter was found to be 

independent of RNA PolII recruitment to enhancer regions26, directly substantiating the 

conclusions here, that proteins associated with distal enhancers and promoter-associated 

proteins can assemble independently. Therefore enhancer-promoter interactions appear 

to function with similar characteristics in nuclear receptor mediated transcription. 

Cawley et. al. proposed the theory that transcription factor binding sites correlate with 

regions of non-coding RNAs12. To explore the possibility that the regulatory regions we 

have identified may function as more than simple binding sites and may in fact be sites of 

discrete localised transcription, we cloned each of the binding sites (between 400 and 500 

bp from each enhancer) adjacent to TFF-1, XBP-1, NRIP-1 and DSCAM-1 genes into a 

reporter vector containing the Renilla luciferase gene that lacked any eukaryotic 

promoters or enhancer elements and transfected these into MCF-7 cells which where 

subsequently treated with estrogen or vehicle control. The introduction of non-specific 

sequence from regions between the promoter and enhancer of TFF-1 and 40 kb upstream 

from the XBP-1 gene were used as negative controls. Unexpectedly, all enhancers, with 

the exception of NRIP-1 enhancer 2 and DSCAM-1 enhancer 3 were capable of driving 

luciferase expression (Fig 3d). 5'RACE of the Luciferase transcript driven by NRIP-1 

enhancer 1 and DSCAM-1 enhancer 1 vectors confirmed that the transcription start site 
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of the luciferase transcript originated from within the enhancer itself (data not shown). 

Therefore, a number of the assessed regulatory regions are not simply ER-binding sites 

potentiating transcription of downstream genes, but can be sites of transcriptional 

initiation themselves, whereas other appear to function solely as receptor docking 

regions. 

An algorithm designed to identify common motifs27 within all the ER binding sites on 

chromosomes 21 and 22 revealed that only one domain was consistently represented. A 

canonical ERE6 was present in 50% of all the ER binding sites on chromosomes 21 and 

22 (Fig 3c). The likelihood of an ERE occurring in one of the 32 clusters of ER-binding 

sites was dramatically increased when compared to total chromosomal DNA (p < 5.6 x 

10"9). A complete map of predicted EREs on chromosomes 21 and 22 (Fig la) 

emphasises that the presence of a canonical ERE does not represent a guaranteed ER 

binding site. Furthermore, ChIP of ER followed by PCR of regions flanking a number of 

perfect EREs on chromosome 21 and 22 did not reveal any ER association (data not 

shown). This, for the first time provides evidence that receptor binding motifs do not 

dictate receptor-DNA association and suggest that other levels of regulation occur, 

perhaps at a more complex, chromatin level. It also raises questions about the validity of 

motif screens as methods for identifying receptor interaction domains. 

These ChlP-microarray experiments demonstrate the ability to identify genuine in vivo 

ER protein binding sites in previously unexplored intergenic sequence with complete 

confidence.  ER binding was not a random occurrence, with only a limited number of 
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sites, many adjacent to genes that were shown to be estrogen-induced. Interaction of the 

ER with classic promoters was rarely seen and instead binding sites more than 100 kb 

from regulated genes was observed. Many of these binding domains were shown to 

potentiate transcription in a promoter-less context, but others appeared to function solely 

as sites of ER recruitment. Furthermore, a screen of EREs revealed limited usage of 

potential ER binding sites and the occurrence of other non-ERE sites as in vivo 

interaction regions. These data illuminate the complexity of ER-mediated transcriptional 

activation in an in vivo setting and provide a novel and informative understanding of 

chromatin-regulated transcription in general. 

Materials and Methods 

Chromatin Immunoprecipitation (CMP)-microarray preparation 

ChlPs were performed as previously described4, with the following modifications. 2 pig 

of antibody was prebound for a minimum of 4 hr to protein A and protein G Dynal 

magnetic beads (Dynal Biotech, Norway) and washed three times with ice-cold PBS plus 

5% BSA, and then added to the diluted chromatin and immunoprecipitated overnight. 

The magnetic bead-chromatin complexes were precipitated and washed 6 times in RIPA 

buffer (50 mM HEPES pH 7.6, 1 mM EDTA, 0.7% Na deoxycholate, 1% NP-40, 0.5 M 

LiCl). Elution of the DNA from the beads was as previously described4. Antibodies used 

were: ERcc (Ab-10) from Neomarkers (Lab Vision, UK), ERa (HC-20), RNA PolII (H- 

224), AIB-1/RAC3 (C-20), TFIID (SI1), mouse IgG (sc-2025) and rabbit IgG (sc-2027) 

from Santa Cruz (Santa Cruz Biotechnologies, CA). Ligation-Mediated PCR was 

performed as previously described28. Following DNA amplification, DNA was subjected 
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to DNase I treatment (3 U/jxD in NEBuffer 4) at 37°C for 30min, followed by 

denaturation at 95°C for 15min. 5 f^l was run on an agarose gel to assess the efficiency of 

fragmentation. To the remaining 50 jul, 13 ^il TdT buffer (Promega), 0.6 U TdT, and 1 JJ,1 

Biotin-N6-ddATP (Perkin Elmer, MA) was added and the following program was run: 

37°C 16hr, 95°C 10min, 4°C hold. 

Data Analysis 

1,054,325 probe pairs were mapped to chromosome 21 and 22 according to the NCBIv33 

GTRANS Libraries provided by Affymetrix. (PM-MM) value was recorded for each 

probe pair, and a probe pair was removed if either PM or MM was flagged as outlier by 

the Affymetrix GCOS software. The five samples (three ER+ ChIP and three genomic 

inputs) were normalized by quantile normalization (Bolstad et al. 2003) based on a 

combined 76 ChIP experiments obtained from public domain and Dana-Farber Cancer 

Institute. The behavior of every probe pair i, assumed to be N(^,crf), was estimated 

from the 76 normalized experiments. A two-state (CMP-enriched state and non-enriched 

state) Hidden Markov Model with the following parameters was applied to each sample 

to estimate the probability of ChlP-enrichment at each probe pair location: 

Transition probabilities: 77^7^7 for transition to a different state 

^ 300      c     .    ■      ■ 
~  osa-m     stayinS m tne same state 

Emission probabilities: N(j*t, erf) for non-enriched hidden state 

11 



DRAFT-NOT FOR DISTRIBUTION 

N^ + 2a,.,(1.5er,.)2) for enriched hidden state 

To combine the results from the six samples, an enrichment score was calculated as the 

average enrichment probability in the three ER+ ChIP samples subtracted by the average 

enrichment probability in the two genomic input samples. Since the tiling array has one 

25-mer probe in every 35 bp of non-repeat regions, the coverage of every probe was 

extended by 10-bp on both ends. An enriched regions is defined as run of probes with 

enrichment score > 50% and covering at least 125 bp. Each enriched region can tolerate 

up to two neighboring probes with enrichment score between [10%, 50%]. If two 

neighboring probes are more than 210 bp apart, the enriched region is broken into two 

separate blocks. A summary enrichment score was obtain for each enriched region, which 

is the enrichment score summation for all the probes in the region divided by the square 

root of the number of probes in the region. This summary enrichment score represents the 

relative confidence of a predicted enriched region. 

The genomic DNA of every ChlP-enriched region was retrieved from UCSC genome 

browser, and ranked by the summary enrichment score. MDscan algorithm (Liu et al. 

2002) was applied to the sequences to find enriched sequence pattern that is the putative 

estrogen receptor binding motif. To find a motif of width w, MDscan first enumerates 

each w-mer in the highest ranking sequences, and collects other w-mers similar to it in 

these sequences to construct a candidate motif as a probability matrix. A semi-Bayes 

scoring function was used to remove low scoring candidate motifs, and refine the rest by 

checking all w-mers in all the ChlP-enriched sequences. A high scoring motif (with 

12 



DRAFT-NOT FOR DISTRIBUTION 

similar consensus) consistently reported multiple times at different motif widths indicates 

a strong prediction. From all the ChlP-enriched sequences, MDscan discovered a strong 

15-mer motif (Figure). 

Real time PCR 

Primers were selected using Primer Express (Applied Biosystems). 5 JAI of precipitated 

and purified DNA was subjected to PCR using the Applied Biosystems SYBR Green 

Mastermix. Relative DNA quantities were measured using the PicoGreen system 

(Molecular Probes, OR). All primer sequences and locations are listed in S2. 

Double stranded cDNA synthesis 

Total RNA was converted to double stranded cDNA according to the Invitrogen 

Superscript Double stranded cDNA synthesis manufacturers instructions. The RNA was 

primed with 250 ng Oligo(dT) (Invitrogen) and 25 ng random hexamers (Gibco). cDNA 

was fragmented and labelled as described above. 

Renilla luciferase transcriptional activity r 

Regulatory domains (approximately 400-500 bp) were amplified by PCR and cloned into 

the pRL-Null vector (Promega). Hormone depleted MCF-7 cells were transfected with 

each of the regulatory domains with Lipofectamine 2000 (Invitrogen) and total protein 

lysate was harvested after estrogen or ethanol addition for 24 hr. Renilla luciferase 

activity was assessed using the Renilla Luciferase Assay kit (Promega). 

13 
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5'RACE 

5' RACE was performed according to the manufacturers instructions (Invitrogen). The 

primers sequences used were: NRIP-1 RT primer (5'-TGCCTGATGCATTAGTAATCC- 

3'), NRIP-1 nested primer 1 (5'-GAGCCAAGCTCTTCTCCATGAGTCATGTTC-3') 

and NRIP-1 nested primer 2 (5'-ACCTTCCATCGCAATCAGAGAGAGACGTACTG- 

3'). The PCR product was cloned and sequenced by standard methods. The primers used 

to identify the 5' end of the Renilla luciferase transcripts were Renilla RT primer (5'- 

GCCTGATTTGCCCATACCAAT-3'), Renilla nested primer 1 (5'- 

CATGTCGCCATAAATAAGAAGAGGCCGCGT-3') and Renilla nested primer 2 (5'- 

CATCTGGCCCACCACTGCGGACCAGTTATCAT-3'). 
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Figure legends 

Fig.l 

Map of ER binding sites on chromosomes 21 and 22 after estrogen stimulation. The 

visual representation of positive probe signal clusters in the ER-ChIP for chromosomes 

21 (a) and 22 (b) are shown. Genes (represented as blue bars) in the 5' to 3' orientation 

are shown above the chromosome and 3' to 5' below. Gene locations are based on the 

2003 genome freeze in the UCSC browser using Genbank and RefSeq positions. Binding 

site probe clusters were identified when signal of PM>MM probes were adjacent to at 

least two neighbouring positive probes, no further than three probes from another positive 

signal (minimum run of 60 bp and maximum gap of 80 bp) and constituents of a larger 

cluster, and are represented as red bars. The positive probe signals shown were positive 

in at least two of three separate biological replicates. Predicted EREs are shown as black 

bars. An expanded view of the TFF-1 gene and adjacent binding sites is shown as signal 

difference between ER ChIP and Input DNA for both the estrogen and vehicle treated 

cells. The TFF-1 gene is shown in its genuine 3'-5' orientation (b) Expanded view of ER 

binding site clusters adjacent to the XBP-1 gene on chromosome 22. Positive probe 

signal from ER ChIP after estrogen or ethanol vehicle treatment are shown as a difference 

above Input DNA (total genomic DNA) binding signals. The gene is shown in its genuine 

3'-5' orientation. 

Fig. 2 

Validation of the in vivo binding of the transcription complex to regulatory regions. ChIP 

of ER and standard PCR of the promoter, intergenic region and enhancer of TFF-1 (a), 
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the promoter and three binding sites adjacent to XBP-1 (b), four binding sites within 

DSCAM-1 (c), the promoter and three binding sites upstream from NRIP-1 (d) and a 

single binding site distal from SOD-1 (e). The lanes are vehicle (C), estrogen (E) and 

Input (I). The primers against the TFF-1 intergenic region, the XBP-1 promoter and the 

NRIP-1 promoter were used as ER ChIP negative controls. Primer sequences are 

included in S2. (f) ChIP of ER, RNA PolII, AIB-1 or IgG control and real time PCR of 

the enhancer regions. The data are estrogen-mediated fold enrichment of protein-DNA 

association compared to vehicle (ethanol) control and are the average of three separate 

replicates. The colour intensity reflects the fold change as described in the legend. ChIP 

of ER after tamoxifen treatment is also included and is shown as fold enrichment over 

vehicle control. TFF-1 non-specific and XBP-1 non-specific primers were included as 

negative controls. 

Fig. 3 

Identification of estrogen-TFIID binding, transcriptional activity of the regulatory 

domains and presence of common binding domains. ChIP recruitment of TFTID (TBP) to 

the regulatory regions and promoters of (a) TFF-1 and (b) XBP-1. (c) A motif screen of 

all the ER binding sites on chromosomes 21 and 22 revealed the presence of one common 

motif, (d) Transcriptional activity of all of the regulatory regions in a Renilla luciferase 

vector lacking eukaryotic promoter or enhancer sequences. The data are the difference in 

luciferase units between estrogen and vehicle stimulated cells and are the average of three 

separate experiments. 
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Table 1 

Location of ER binding sites and the closest gene in both the 5'-3' and 3'-5' orientations. 

The distance between the beginning of the gene and the binding site is listed as is any 

information on the transcriptional status of the gene after estrogen stimulation for 3hr. 

The number of binding sites within each cluster is also given. The distance from the 

binding sites is from the furthest binding site within a cluster. 
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Figure 2f 
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Figure 3 
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Table 1. Location of ER binding sites and the closest gene in both the 5'-3' and 3'-5' orientations. The 
distance between the beginning of the gene and the binding site is listed as is any information on the 
transcriptional status of the gene after estrogen stimulation for 3hr. The number of binding sites within 
each cluster is also given. The distance from the binding sites is from the farthest binding site within a 
cluster. 

ER binding Orientation Closest gene Distance from Transciptional Number of 
location 
Chr. 21 

binding site status binding sites 
— 

14600566 5'-3' USP25 1.42Mb No 1 
3'-5' C21orf81 325.5Kb No 1 

15467330 5'-3' USP25 500Kb No 3 
3'-5' NRIP-1 145Kb Yes 3 

21291444 5'-3' NCAM2 lkb Yes 1 
3'-5' PRSS7 2.6Mb No 1 

31822242 5'-3' SOD1 127kb Yes 1 
3'-5' TIAM-1 Intron No 1 

35027500 5'-3' CBR-1 1.3Mb No 1 
3'-5' DSCR-1 120Kb No 1 

35510634 5'-3' CBR-1 851Kb No 1 
3'-5' RUNX-1 170Kb No 1 

36481084 5'-3' C21orf5 Intron No 1 
3'-5' C21orfl8 128Kb No 1 

40607235 5'-3' DSCAM-1 Intron No 5 
3'-5' C21orf88 770Kb No 5 

41911961 5'-3' FLJ36335 520Kb No 1 
3'-5' TMPRSS2 112Kb No 1 

42681597 5'-3' UBASH3A 37Kb No 2 
3'-5' TFF-1 10.5Kb Yes 2 

45663607 5'-3' C0II8AI 18Kb No 1 
3'-5' C21orf93 82Kb No 1 

Chr.22 
17192673 5'-3' DGCR6 75Kb No 1 

3'-5' BID 561Kb No 1 
19824303 5'-3' UBE2L3 422Kb Yes 2 

3'-5' SLC7A4 232Kb No 2 
27534672 5'-3' KREMEN-1 259Kb No 3 

3'-5' XBP-1 24Kb Yes 3 
28238326 5'-3' NF-2 87Kb No 

3'-5' C22orfl9 Intron No 
41361730 5'-3' BIK 376Kb No 

3'-5' A4GALT 14Kb No 
45100080 5'-3' C22orf4 270Kb No 

3'-5' CELSR-1 Intron No 
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