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Flowgram showing a single read of 256 bases. Each bar represents a discrete base 
(A, T, C, or G), and the height of a bar correlates to the number of bases in a specific position. In a single instrument run, the Genome Sequencer

FLX System generates over 400,000 reads of 200 to
300 bases with 99.5% accuracy per read.

Genome Sequencer 
FLX System 
■ Perform de novo sequencing 

of whole genomes. 

■ Analyze full-length cDNA,
including splice variants. 

■ Discover viral subtypes 
(e.g., HIV). 

■ Uncover the diversity in
metagenomic samples.  



Whole-genome Analysis of DNA Elements
Through the pilot and technology development phases of the ENCODE project, a detailed view has arisen of a surpris-
ingly active genome. These studies and others revealed that between 70 to 90 percent of bases across the genome are
involved in the coding or regulation of at least one transcript, challenging the previous belief that 99 percent was “junk”
DNA. Maps of histone modification, transcription factor binding and other regulatory activity also reveal a significant
amount of activity in intergenic regions.

Now all researchers have access to the same tools used in the ENCODE project—including robust protocols and arrays.

The introduction of high-density tiling arrays and whole-transcript exon arrays has enabled a far deeper understanding of
genome biology. These tools have revealed a trove of information—from transcriptional activity and the role of short
RNAs, to regulatory and epigenetic activity in all coding and non-coding regions, to the identification of hundreds of thou-
sands of transcript variants. 

To learn more about how Affymetrix tools are sup-
porting ENCODE-related research and to gain
access to interviews and webinars, register here: 

www.affymetrix.com/encode.affx

GeneChip® Tiling Arrays

New GeneChip® Tiling Arrays 
Affymetrix’ unique high-density tiling arrays accom-
modate 6.4 million features per array, allowing
whole-genome (human or mouse) coverage on just
a few arrays, delivering high-performance, cost-effec-
tive ChIP-on-chip analysis. Whole-genome tiling
arrays are available for human, mouse, Arabidopsis,
C. elegans, S. cerevisiae, S. pombe and Drosophila.

GeneChip® Exon Arrays

New GeneChip® Exon Arrays 
Affymetrix’ whole-transcript analysis approach
enables researchers to detect not only the level 
of expression, but also precisely what is being
expressed, including alternative isoforms or
genomic deletions. This has opened the door to
new insights at a resolution not possible with the
classical microarrays. Figure 1. Applications for Affymetrix Expression Products
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Applications

Learn More

The Affymetrix Microarray Bulletin features interviews and webinars with top international scientists. Recent interviews,
stories and webinars include:

ChIP-on-chip Analysis

• Thousands of Previously Unknown Transcription Factor Binding Sites Mapped Using Tiling Microarrays—featuring 
Dana Farber Cancer Institute’s Myles Brown, M.D.

• Novel Combination of Chromatin Modifications Governs Embryonic Stem Cell Maintenance—featuring Harvard 
Medical School’s Bradley Bernstein, Ph.D.

• Analysis of ChIP-on-chip Data using Affymetrix Genome Tiling Microarrays—featuring Dana Farber Cancer Institute’s 
Shirley Liu, Ph.D.

• ChIP-on-chip Symposia Series—Covering a wide range of topics, including ChIP-on-chip theory and applications, 
advanced data analysis methods and novel gene regulation discoveries

Exon Analysis

• Researchers Develop Improved Molecular Classification System for Rare Childhood Cancer—featuring Children’s 
Hospital Los Angeles’ Timothy Triche, Ph.D.

• Discovery of Novel Splice Variations Improves Glial Tumor Classification—featuring Erasmus Medical Center’s Pim 
French, Ph.D., and Justine Peeters.

• A Core Lab Case Study: Exon Array Challenges and Opportunities
• Exon Array Symposia Series—featuring talks on new informatics tools for gene expression and alternative splicing 

analysis, and new discoveries in cancer research and population genetics

Upcoming Webinars

The Affymetrix Microarray Bulletin is hosting a series of web talks featuring ENCODE related research. Current speakers
include Dr. Tom Gingeras of Affymetrix, Dr. Roderic Guigo of Center for Genomic Regulation, and Dr. Alexandre Reymond
of the Center for Integrative Genomics.

To learn more about how Affymetrix tools are supporting ENCODE-related research and to gain access to these inter-
views and webinars, register here: 

www.affymetrix.com/encode.affx
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Affymetrix Tiling Arrays have been used in a variety of
applications of relevance to the ENCODE project and
readers of Genome Research.

• Mapping of DNA Methylation
• Mapping of Transcription Factor Binding Sites
• Novel Transcript Mapping
• DNA Replication Mapping
• RNA Immunoprecipitiation and chip hybridization

As more information is revealed regarding the functional
elements of the genome, whole-transcript analysis will
complement current tiling array-based experiments. 

• Identification of alternative transcripts
• Uncover aberrant splicing events
• Identification of novel exon-skipping events
• Uncover splice regulatory mechanisms
• Associate splicing patterns with inherited SNPs
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Figure 1: Location of estrogen receptor (ER) and RNA PolII sites relative to transcription 
start sites (TSS) of RefSeq genes. 

Figure 2: Correlation of estrogen receptor and RNA PolII binding sites with each chromo-
some, ranked according to total gene number (a) and total nucleotide number (b). 

Figure 5: (a) Summary of up- and down-regulated genes over an 
estrogen time course (0, 3, 6 and 12 hours). (b) Percentage of 
genes up- or down-regulated at each time point that contain 
estrogen receptor binding sites within 50 kb (light orange).

Figure 8:  Assessment of estrogen receptor binding properties in different cell systems using 
ER ChIP and real-time PCR.

Figure 3: Conservation of all estrogen receptor binding sites (pink line) and RNA PolII binding 
sites (red line) between human, mouse, rat, chicken and Fugu rubripes sequence.

Figure 6: ER (dark blue) and RNA PolII (light blue) binding sites relative to specific gene targets, 
ESR1, GREB1, MYC, GATA3 and PGR. 

Figure 7: (a) Enriched motifs within ER binding sites. (b) QPCR validation of transcription 
factor binding.
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Figure 4: Induction (yellow) and repression (blue) of all genes at 3, 6 and 12 hours relative 
to 0 hours.
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MAPPING OF ESTROGEN RECEPTOR
BINDING SITES USING CHIP-ON-CHIP

GENE EXPRESSION PROFILING
AFTER ESTROGEN INDUCTION

SCREENING BINDING SITES TO IDENTIFY 
REGULATORY MECHANISMS AND
BINDING MOTIFS

TESTING THE FUNCTION OF
BINDING SITES IN OTHER SAMPLES

Induction and Fixation of Breast Cancer Cells 
MCF-7 breast cancer cells were deprived of hormones for 
three days, then synchronously induced by adding estrogen for 

45 minutes, thus providing maximal estrogen receptor-chromatin binding. 
Cells were fixed using 1 percent formaldehyde to cross-link estrogen 
receptor-bound DNA and RNA PolII-bound DNA.

Mapping Binding Sites to Transcription Start Sites 
Locations of ER and RNA PolII binding sites were mapped 
relative to transcription start sites (TSS) of known genes from 
RefSeq.  Approximately 67 percent of RNA PolII sites mapped 

to promoter-proximal (-800 bp to +200 bp) regions of known genes. 
Only 4 percent of estrogen receptor binding sites mapped to a 1-kb 
promoter-proximal region at either the low or high thresholds used. 
Therefore, the vast majority of in vivo estrogen receptor binding events 
occur in regions previously unannotated as cis-regulatory elements.

Model-based Analysis of Tiling Arrays  
A new model-based analysis of tiling arrays algorithm (MAT) 
and a generalized Mann-Whitney U-test were used to identify 

regions that were enriched in ChIP samples relative to control samples. 
Consensus regions, as well as 17 regions that were identified as top hits 
by the MAT analysis, were reported in the final list of estrogen receptor 
binding sites. Redundant sequences were eliminated using the genomic 
alignment tool BLAT.

Hybridization of Immunoprecipitated DNA 
Prior to chromatin immunoprecipitation (ChIP), cells were 
lysed and sonicated to shear DNA. ChIP was performed using 
estrogen receptor-specific (anti-ER ) and RNA PolII-specific 

(anti-RNA PolII) antibodies. ChIP was performed overnight and samples 
were then washed, eluted and amplified via ligation-mediated PCR. 
Immuno-precipitated DNA and input DNA were hybridized to 
Affymetrix Human Tiling 1.0 microarrays. Three biological replicates 
were performed.

Checking the Evolutionary Conservation of 
Binding Sites 
The DNA sequence of estrogen receptor binding sites was 

compared across the genomes of multiple vertebrate species and showed 
high conservation within binding sites, but not in immediate surrounding 
regions. The DNA sequence of RNA PolII binding sites was similarly 
conserved, but the surrounding regions (promoters before, and ORFs 
after) were more conserved than the neighboring regions of ER binding sites.

Mapping ER and RNA PolII Binding Sites Relative 
to Genes with a Known Estrogen Binding Function
ChIP-on-chip mapping data suggest that there are diverse 

binding profiles for the estrogen receptor including several genes known 
to be involved in estrogen binding. Estrogen receptor binding to most of 
this subset of newly identified binding sites was validated using real-time 
PCR (RT-PCR) and directed estrogen receptor ChIP. 

Pattern Searching of Binding Sites to Identify 
Binding Motifs and Cooperating Factors 
All ER binding sites were examined for enriched DNA binding 

motifs using both a de novo and a candidate scanning approach. Several 
putative motifs were identified including AP-1, Oct and C/EBP, as well as 
previously identified estrogen response elements (ERE) and Forkhead motifs. 
This was validated using ChIP, RT-PCR and 15 randomly selected estrogen 
receptor binding sites.  

Pairwise analysis of binding motifs was performed to identify combinatorial 
interactions between ERE, Forkhead, Oct,  AP-1 and C/EBP motifs within all 
estrogen receptor binding sites. There was a strong negative correlation 
between ERE and AP-1 elements. There was also a positive correlation 
between C/EBP, Oct and Forkhead motifs. C/EBP, Oct and Forkhead motifs 
had equal likelihood of occurring with ERE and AP-1 motifs.

Mapping Binding Sites to Up-regulated Genes
Microarray-based gene expression profiling, using Affymetrix 

Human Genome U133 Plus 2.0 arrays, was performed to 
correlate ER and RNA PolII binding data with the estrogen 

transcriptional response. Microarray analyses were done in triplicate over 
an estrogen stimulation time course (0, 3, 6 and 12 hours), with 3 hours 
representing immediate transcriptional targets and both 6 and 12 hours 

representing delayed targets.

After 3 hours of estrogen treatment, 134 genes were up-regulated. 
Correlation of ER binding sites with early and late estrogen-induced 

genes showed a bias of binding sites within 50 kb of TSS of both early and 
delayed estrogen-induced genes (P <0.001).  Although there is significantly 

greater estrogen receptor binding bias toward early up-regulated genes, 
the bias observed near late up-regulated genes suggests that their 

transcription may require estrogen induction of a secondary 
transcription factor.

Correlating ER Binding Sites to Gene Number
The number of RNA PolII binding sites was correlated

(r2 = 0.88) with gene number, but not chromosome length
(r2 = 0.29), as binding was mostly promoter-proximal. The number of ER 

binding sites was less strongly correlated to gene number (r2 = 0.62) 
relative to RNA PolII sites, and was equally correlated to chromosome 

length, as binding was not restricted to promoter regions.

Mapping Binding Sites to Down-regulated Genes
Expression array analysis showed that 51.2 percent of early 

(3-hour) gene changes are down-regulated events. The correla-
tion of ER binding sites with down-regulated genes did not show any 

statistical bias toward the TSS of genes down-regulated at 3 hours.

RNA PolII binding at promoters of early down-regulated genes decreased 
after 45 minutes of estrogen stimulation, coincident with RNA PolII 

binding at promoters of early up-regulated genes. Pretreatment of MCF-7 
cells with cycloheximide (a translational inhibitor) for 1 hour before 

estrogen stimulation did not influence early decreases in the number of 
assessed transcripts, suggesting that these genes are primary targets of 

estrogen receptor action. The relationship between ER binding sites and 
TSS of late (6- and 12-hour) down-regulated genes showed a significant 

enrichment of estrogen receptor binding sites within 50 kb of promoter 
regions. The increased association of ER binding adjacent to late down-

regulated genes suggests that most late down-regulation of genes requires 
ER binding. The lag suggests that an estrogen-induced repressor or 
co-repressor that can associate with a chromatin-bound estrogen 

receptor and facilitate transcriptional inhibition of adjacent genes must be 
transcribed first. This hypothesis was supported by demonstrating that the 

pretreatment of MCF-7 cells with cycloheximide prevented the late 
down-regulation of a number of assessed transcripts.

Validating the Results in Previous Studies
To assess whether the pattern of estrogen receptor binding sites 

in MCF-7 cells is relevant to the pattern in authentic human 
breast cancers, estrogen receptor binding was compared with gene 

expression signatures from two independent studies involving 286 and 295 
breast tumors, respectively.

The position of ER binding sites was enriched relative to genes correlated 
with estrogen receptor expression in each of the two studies (P < 3.0 x 

10-8 and P < 1.0 x 10-6).

As a comparison, estrogen receptor binding profiles adjacent to 
estrogen-regulated genes in MCF-7 cells was examined, and it was found 
that the binding profile identified not only predicts the gene expression 

signature but also identifies functional regions of the genome that control 
estrogen responses in primary human breast tumors.

Validating the Results in a Different Breast 
Cancer Cell Line

A subset of estrogen receptor binding sites was examined in 
another estrogen receptor-positive breast cancer cell line, T47D, to 

determine if these sites were cell line specific.  All of the sites tested 
functioned as estrogen receptor binding sites in T47D. 

Estrogen Receptor Mapping Workflow
 Researchers at the Dana-Farber Cancer Institute and Harvard Medical 
School, led by Myles Brown and Shirley Liu, have mapped thousands of 
estrogen receptor (ER) binding sites in breast cancer cells using chromatin 
immunoprecipitation coupled with microarray technology (ChIP-on-chip). 
These results provide a critical resource to help investigators learn more 
about the mechanisms behind estrogen-dependent breast cancer.

 The group further determined that although most research on estrogen 
receptors to date has been based on the assumption that estrogen receptors 
primarily bind near promoters, only a small fraction of estrogen receptor 
binding sites are within 1 kb of a promoter region. In contrast, two-thirds of 
RNA PolII binding sites were found near promoter regions of genes.

 The scientists used estrogen receptor-specific antibodies, RNA PolII-
specific antibodies and a whole-genome tiling array set with 35-bp resolution 
to identify thousands of previously unknown estrogen receptor and RNA 
Polymerase II (RNA PolII) binding sites across the entire genome. 

 In addition to challenging the archetypal model of promoter-proximal 
binding, Brown and Liu’s team confirmed that the presence of FoxA1 was 
required for ER-chromatin binding, and discussed the role of other newly 
identified cooperating factors.

 This workflow describes the ChIP-on-chip mapping assay, recently 
published in Nature Genetics, used to identify and further characterize estrogen 
receptor binding sites throughout the human genome. This work also expands 
greatly on their previous research, published in Cell, which interrogated ER 
association across the entirety of chromosomes 21 and 22.

References

Carroll J. S., et al. Genome-wide Analysis of Estrogen Receptor Binding Sites. 
Nature Genetics 38(11):1289-97 (2006).

Carroll J. S., et al. Chromosome-wide Mapping of Estrogen Receptor Binding 
Reveals Long-range Regulation Requiring the Forkhead Protein FoxA1. Cell. 
122(1):33-43 (2005).

Johnson W.E., et al. Model-based Analysis of Tiling-arrays for ChIP-chip. 
Proceedings of the National Academy of Sciences 103:12457-12462 (2006).

GENOME-WIDE MAPPING OF
ESTROGEN RECEPTOR BINDING SITES

Affymetrix Microarray Bulletin
3420 Central Expressway
Santa Clara, CA 95051
408.731.5000
www.microarraybulletin.com

Wes Conard, Editor-in-Chief
wes_conard@affymetrix.com

Myles A. Brown, M.D.
Myles_Brown@dfci.harvard.edu
Department of Medical Oncology, Dana-Farber Cancer Institute 
44 Binney Street; Dana 730; Boston, MA 02115

Xiaole Shirley Liu, PhD
xsliu@jimmy.harvard.edu
Department of Biostatistics and Computational Biology 
Dana-Farber Cancer Institute, Harvard School of Public Health
44 Binney Street; Mayer1B22; Boston, MA 02115





To order or request additional information:
Call: 1-800-843-4388 (Continental US and Canada) 516-422-4100 (All other locations)
FAX: 516-422-4097
E-mail: cshpress@cshl.edu or WWW Site: www.cshlpress.com
Write: Cold Spring Harbor Laboratory Press, 500 Sunnyside Blvd., Woodbury, NY 11797-2924

By James D. Watson, Cold Spring Harbor Laboratory, Amy A. Caudy,
Princeton University, Richard M. Myers, Stanford University, and Jan A.
Witkowski, Cold Spring Harbor Laboratory

The all-new third edition of Recombinant DNA is a comprehensive and
accessible introduction to genetic and genomic research, methods, and

applications, written by authoritative practitioners and interpreters of the science—Nobel laureate
James D. Watson, Jan A. Witkowski, and new coauthors Richard M. Myers and Amy A. Caudy. 
The book illuminates core concepts through a contemporary, inquiry-based approach to landmark
experiments that defined our understanding of DNA. As a result, students learn in a compelling way
how high-impact discoveries were made.

2007, 474 pp., illus., index
Paperback  $92.30 ISBN-13: 978-071672866-5

CONTENTS

FOUNDATIONS OF DNA

Overview
1. DNA Is the Primary Genetic Material
2. Information Flow from DNA to Protein
3. Control of Gene Expression
4. Basic Tools of Recombinant DNA
5. Fundamental Features of Eukaryotic Genes
6. A New Toolbox for Recombinant DNA
7. Mobile DNA Sequences in the Genome
8. Epigenetic Modifications of the Genome
9. RNAi Regulates Gene Action

FOUNDATIONS OF GENOMICS
Overview
10. Fundamentals of Whole-Genome Sequencing
11. How the Human Genome Was Sequenced

ANALYZING GENOMES
Overview
12. Comparing and Analyzing Genomes
13. From Genome Sequence to Gene Function

HUMAN GENOMICS
14. Finding Human Disease Genes
15. Understanding the Genetic Basis of Cancer
16. DNA Fingerprinting and Forensics

FIGURE CREDITS

INDEX

   



The stability of single-copy vectors

AND the DNA yields of high-copy clones

CopyControl™ Genomic Cloning. . .

CopyControl™ BAC Cloning Kits contain all the 
molecular biology reagents needed for constructing 
high-quality, large-insert BAC libraries - fast and easy.

• Better Cloning Efficiency—Pre-cut, linearized vectors pro-

vide maximum cloning efficiency with very few empty clones.

• Shorter Construction Time—The fast ligation and size-

screening components in the kits shorten the construction 

process by at least 3 days. 

• Higher DNA Yields—The CopyControl™ feature allows 

yields of up to 5 μg per ml of culture when using the new 

Autoinduction protocol.

Fingerprints of zero generation (O), 
one hundred generation (H) and 
induced (I) CopyControl™ BACs. 
The consistent banding patterns 

displayed by the BACs indicate 

excellent clone stability, even after 

the multi-copy CopyControl origin 

is induced. Equal amounts of BAC 

DNA were loaded into each lane.
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The Agilent DNA microarray platform 

enables research on your own terms 

As a genomics researcher, you need tools that empower 

rather than impede. Whether you’re searching for 

low-abundance gene expression targets, performing 

genome-wide scans on whole blood samples, or 

adopting emerging applications such as oligo array CGH, 

microRNA, or ChIP-on-chip, you need a microarray 

platform that has the flexibility, sensitivity, and genome 

coverage that your research requires. A platform that 

will keep your research moving forward, wherever it 

takes you. To hear from researchers who are charting 

their own course in Genomics, visit OpenGenomics.com.
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More miRNA amplification, answers, and
advancement from the smallest samples. 

Less
    iss  e. 

This linear amplification system generates  

sufficient amounts of material for downstream 

analysis, from as little as 50 ng of total RNA. 

You can count on consistent and accurate 

>1,000-fold amplification of mature miRNAs 

that are ready for immediate labeling and array 

hybridization. Designed for use with 50–500 ng 

of total RNA, amplification and purification 

can be completed within two days, facilitating 

studies from the smallest tissue samples. 

The miRNA amplification technology necessary 

to advance your research is ready. Find it, and 

our complete line of miRNA profiling products, 

at www.invitrogen.com/ncode.

Amplification of enriched miRNA from low inputs of total 

RNA using the NCode™ miRNA Amplification System yields 

similar data when compared to the direct labeled 

control, maximizing fidelity and minimizing variability.

Powerful and efficient, the NCode™ miRNA Amplification System amplifies mature miRNAs from minute quantities of RNA. 



T4 DNA Ligase from New England Biolabs
WHEN YOU NEED LIGASE, TURN TO THE INDUSTRY STANDARD

Ligation of HindIII fragments
(4-base overhang) of Lambda
DNA using 1 cohesive end
unit (1µl of 1:400 dilution) of
T4 DNA Ligase. Reactions
were incubated at 25°C.

Ligation of blunt-ended 
HaeIII fragments of Lambda
DNA using various amounts
of T4 DNA Ligase (400,000
cohesive end units/ml) in 
a 20 µl reaction volume.
Reactions were incubated 
for 30 minutes at 16°C.
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For more information and our international distribution network, please visit www.neb.com
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in a word, trust.

Advantages:
■ Quality – Highly pure enzyme with no lot-to-lot variation
■ Convenience – Choose original T4 DNA Ligase or the 

Quick Ligation Kit to meet the demands of a variety of 
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Paradise Point Resort & Spa, San Diego, CA • October 8-10, 2007

GME2007
Genomes, Medicine, and the Environment Conference

Join Us
The J. Craig Venter Institute this year welcomes you to sunny San Diego, CA for the Genomes, Medicine, and
the Environment 2007 Conference. This three-day intensive meeting features presentations by world renowned
genomics researchers. Meet experts in a variety of genomics disciplines, participate in interactive, in-depth
discussions on future innovations in the field, and network with colleagues and life sciences suppliers.

>

>

>

Call For Abstracts
If you are interested in submitting an abstract for the poster session, visit www.jcvi.org/gme. One abstract
will be selected for oral presentation at the conference. Travel grants are available for students whose abstracts
are selected. The submission deadline is June 8, 2007.

Conference Chairs
Susan Taylor, Ph.D.
Department of Chemistry & Biochemistry, UCSD

Doug Bartlett, Ph.D.
Scripps Institution of Oceanography, UCSD

Robert Strausberg, Ph.D.
Deputy Director, J. Craig Venter Institute

J. Craig Venter, Ph.D.
President, J. Craig Venter Institute

Questions?
Contact: gme@jcvi.org or 240-268-2796.

Register Now
Early bird rates are available until July 6, 2007. Register now to save.

> Topics
Synthetic Biology

Evolutionary Genomics

Environmental Genomics

Human Genomic Medicine

Infectious Disease

Marine Genomics

Microbial Genomics

Emerging Genomic Technologies
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GENETIC TOXICOLOGY

July 29 - August 3, 2007
Magdalen College, Oxford, United Kingdom 

Chair: Antony M. Carr

http://www.grc.org/programs.aspx?year=2007&program=gentox

TOXICOGENOMICS

June 24-29, 2007
Colby-Sawyer College, New London, NH 

Chairs: Cindy A. Afshari & Christopher A. Bradfield

http://www.grc.org/programs.aspx?year=2007&program=toxico

EVOLUTIONARY & ECOLOGICAL FUNCTIONAL GENOMICS

July 8-13, 2007
Salve Regina University, Newport, RI 

Chair: Greg Wray

http://www.grc.org/programs.aspx?year=2007&program=evolecol

Gordon Research Conferences

75th
GRC is holding over 180 meetings in 2007. A few 
upcoming meetings that may be of particular interest 
to Genome Research readers are listed below.

75 years at the frontiers of science: www.grc.org
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