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The genome of an organism is a dynamic physical entity, comprising genomic DNA bound to many different

proteins and organized into chromosomes. A thorough characterization of the physical genome is relevant to our

understanding of processes such as the regulation of gene expression, DNA replication and repair, recombination,

chromosome segregation, epigenetic inheritance and genomic instability. Methods based on microarrays are

beginning to provide a detailed picture of this physical genome, and they complement the genome-wide studies

of mRNA expression profiling that have previously been so successful.

We live in an age in which whole-genome sequences are com-
monplace on our hard drives and on other storage media and
servers throughout the Internet. It is easy to think of a genome in
purely digital terms, that is, as an abstract string of four
nucleotides whose secrets can be uncovered largely through the
use of software algorithms. But in the nucleus of a cell, the
genome has a larger meaning[] it is a discrete physical entity,
organized into chromosomes comprising genomic DNA bound
to proteins in a systematic way. This structure is dynamic and
participates in many different fundamental processes such as
transcription, DNA replication and repair, recombination and
chromosome segregation. Genomic DNA may be modified
specifically by processes such as methylation, and these modifica-
tions can further define functional features of the genome. The
genome can be unstable, and this instability underlies the devel-
opment of genetic lesions that can lead to cancer.

How do transcription factors, DNA modifications and chro-
matin structure function in concert to specify the expression of
genomic information? How does the genome undergo replica-
tion and recombination? How do amplifications and deletions of
genomic DNA contribute to different pathological states of cells?
Knowing the details of several aspects of genomic structure is
clearly important for understanding the functional behavior of
the genome. The phenomenal popularity of DNA microarrays
has been fueled by their ability to determine global gene expres-
sion profiles of RNA. Recently, however, exciting new
approaches using DNA microarrays are beginning to provide us
with high-resolution views of the physical genome and to clarify
how it participates in diverse cellular phenomena. Here we
review the use of DNA microarrays in determining the binding-
distribution of proteins on the genome, in mapping chemical
modifications to chromatin and DNA, in studying DNA replica-
tion and repair, and in determining differences in DNA copy
number by comparative genomic hybridization to microarrays
(array CGH). We also discuss how these and other applications
of DNA microarrays may further our understanding of genome
dynamics in the future.

Binding distribution of transcription factors
Transcription factors are important links in the transduction of
signals from extracellular and intracellular stimuli to several bio-

logical processes, including cell growth, regulation of the cell-
division cycle, embryonic development, differentiation, apopto-
sis and response to environmental stresses. Thus, a genome is
brought to life by the interactions of transcription factors with
DNA. The use of DNA microarrays has begun to provide insights
into the genome-wide transcriptional programs of cells; in con-
junction with genetic and molecular perturbations of individual
transcription factors, such studies permit a dissection of the roles
of individual pathways and regulatory molecules to the elaborate
molecular circuitry of cells. To properly understand the roles of
individual transcription factors in mediating global gene expres-
sion programs, however, it is necessary to determine the in vivo
physical interactions of transcription factors with their chromo-
somal targets on the genome.

The strategy for doing this on a genome-wide scale, a version
of which is shown in Fig. 1, is based on combining the technique
of chromatin immunoprecipitation (ChIP) with hybridization
to a DNA microarray of promoter sequences. Several variations
are possible, and obviously this strategy can be applied to study
the interaction of any protein that interacts with genomic DNA,
not only transcription factors. In ChIP, formaldehyde is first
used to crosslink proteins to their cognate binding sites on DNA;
the protein of interest is then immunoprecipitated using a spe-
cific antibody, which also recovers the DNA to which the protein
is bound. After reversal of the crosslinks, amplification of the
DNA and fluorescent labeling, all of the enriched DNA frag-
ments are identified simultaneously by hybridization to a
microarray of promoter sequences in conjunction with an
appropriate reference probe labeled with a different fluo-
rophore. Thus, the ratio of fluorescence intensities at an element
represents a measure of binding of the protein to that locus. The
approach has been used most successfully in yeast, where the
compact nature of the genome means that whole intergenic
regions containing cis-regulatory information can be amplified
easily from the whole genome and represented on a microarray.
This strategy has been applied to identify the genomic targets of
many transcription factors and other proteins that interact with
the genome! 10,

Determining the genome-wide binding distribution of tran-
scription factors is valuable for many reasons. First, it is a crucial
piece of information for determining the direct downstream tar-
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gets of transcription factors in vivo. Attempting to identify tar-
gets by mRNA expression analysis in strains lacking or overex-
pressing the gene of interest may be confounded by indirect
secondary or pleiotropic effects. In the case of genes that are
essential for viability, deletions are not possible and conditional
alleles are not always available or may be complicated to inter-
pret. One of the earliest successful studies to use this approach
identified the downstream targets of Esal, the only histone
acetyltransferase that is essential for viability in yeast. Before this
genomic binding analysis on microarrays, nothing was known
about the in vivo function of Esal; the genomic binding distribu-
tion provided the first evidence of its function in regulating ribo-
somal protein gene transcription’.

Second, the genomic binding distribution of a protein pro-
vides a rich source of data on the specificity of in vivo DNA-
protein interactions. It is possible to compare the promoter
sequences to which a given protein binds in vivo and to identify
the sequence determinants and features of chromatin structure
that determine in vivo binding specificity. For the cell-cycle regu-
latory factors SBF and MBF and the multifunctional Rap1 pro-
tein, consensus binding sites have been identified by applying
pattern discovery algorithms to the intergenic sequences that are
bound by the proteins®>. These proteins bind preferentially to
intergenic promoter sequences even though their consensus
binding sites are frequently present in coding sequences; this sug-
gests that other factors, such as chromatin structure, influence
the interactions of a protein with its chromosomal targets. Even
for a protein that does not interact directly with DNA, this type
of sequence analysis can detect the presence of consensus sites for
other proteins that can recruit it to the promoter”.

Third, genome-wide maps of the binding distribution of tran-
scription factors and other proteins can identify details of global
chromosomal features, such as clustering of binding in certain
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Fig. 1 Strategy for mapping genome-wide DNA-protein interactions using
intergenic microarrays. In the approach shown, DNA recovered after immuno-
precipitation (IP) by an antibody against an epitope tag fused to the protein of
interest is labeled and hybridized to a microarray, in conjunction with a refer-
ence probe from a parallel immunoprecipitation done in the absence of a tag.
Alternative approaches include using an antibody against the native protein
for the immunoprecipitation, using non-immunoprecipitated genomic DNA as
the reference probe, using immunoprecipitated DNA derived from a strain
deleted for the gene of interest as the reference probe (for non-essential
genes) and directly comparing the binding distribution of the same factor
under two different growth conditions by labeling immunoprecipitated DNA
from the two different conditions with different fluorophores.

chromosomal regions or a higher order periodicity during inter-
action with the genome. Such interaction maps have detected,
for example, the clustering of Rapl and the silencing proteins
Sir2, Sir3 and Sir4 at subtelomeric loci®. The microarray format
allows one to observe changes in these global chromosomal fea-
tures in response to different perturbations.

Last, data on the binding targets of a transcription factor, when
combined with genome-wide analysis of mRNA expression, pro-
vides a more reliable means of deciphering the hierarchies and
networks of regulatory interactions that underlie most complex
cellular responses. Genes whose promoters are bound and regu-
lated directly by a transcription factor may themselves encode
transcriptional activators or repressors, thus making it possible
to have cascading responses as the outcome of an initial signal. A
notable example is the serial transcriptional regulation of genes
expressed periodically during the yeast cell cycle. Data on the
genomic binding distribution for several transcription factors
that regulate the yeast cell cycle* have been combined with previ-
ously determined mRNA expression profiling data over the
course of the cell cycle!!. This analysis showed that activators
functioning during the G1/S transition (SBF and MBF) bind to
the promoters of activators that function during G2/M. The
G2/M activators in turn bind and activate the promoters of
M/G1 genes. The M/G1 transcription factors then cause the acti-
vation of the G1/S transcription factors in the next round of the

cell cycle, thus closing this loop of interactions®.

Histone modifications and chromatin remodeling

Gene expression is strongly influenced by the modification of
histones in nucleosomes that package and organize the
genome. These post-translational modifications, including
acetylation, methylation, phosphorylation and ubiquitination,
are thought to be highly specific, and certain types of modifica-
tion can influence one another!>13, Microarrays provide a way
to map the location across the genome of such modifications,
the protein factors that carry out these modifications, and the
proteins that participate in other, less-understood aspects of
chromatin remodeling.

The specificity of histone acetylation has been used to map the
genomic distribution of acetylation loci®. In this study, immuno-
precipitations were carried out using antibodies against specific
acetylated lysine residues on histones H3 and H4 in yeast strains
deleted for each of the different histone deacetylases, including
RPD3, HDAI and several others. Although this is an indirect way
to map the sites of action of individual deacetylases, this infor-
mation was complemented by independent direct measurements
of the binding distribution of Rpd3 (ref. 7). There are numerous
differences between the directly measured binding distribution
of Rpd3 and the map of RPD3-dependent histone deacetylation,
probably owing to redundancy among the deacetylases and to
possible indirect secondary effects in the latter type of experi-
ment. This underscores the need for integrating information
from different genomic approaches in order to build a clear and
detailed picture of chromatin modifications.
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A modification to the ChIP procedure, namely the use (in
addition to formaldehyde) of the protein crosslinker dimethyl
adipimate, was found to significantly enhance the ability to
detect the interaction of Rpd3 with DNA’. This bodes well for
future binding studies of proteins and complexes that do not
interact with DNA directly, but are instead recruited to promot-
ers by other sequence-specific DNA-binding proteins. The same
general approach has been used to map the interactions of the
RSC chromatin remodeling complex with the genome and its
redistribution under stress conditions® .

An alternative microarray-based approach for mapping the
interactions of chromatin proteins with their target loci uses the
Escherichia coli Dam methylase!“. In this strategy, a fusion of the
protein of interest and E. coli Dam methylase is expressed in cells,
resulting in the targeting of Dam methylase to the sites of interac-
tion of the DNA-binding protein of interest. Consequently, DNA
near these interaction loci becomes specifically methylated.
These methylation sites, which thus mark the interaction loci of
the protein of interest, can be identified by digesting the genomic
DNA with a methylation-specific restriction endonuclease, iso-
lating the digested fragments by size fractionation, and hybridiz-
ing them to a DNA microarray'4. A distinguishing feature of this
strategy is that it does not require immunoprecipitation with an
antibody, which may be advantageous in higher eukaryotes.

DNA replication and recombination

DNA replication has been actively studied ever since the classic
experiments of Meselson and Stahl'> demonstrated its semicon-
servative nature. Although functional replication origins have
been identified in yeast, the mechanism by which they are cho-
sen for initiation is not well understood, and the timing of initi-
ation and the rate of progression of replication forks are not
well known.

Microarray hybridization has now been used to identify the
distribution and timing of origins in the yeast genome. In this
contemporary version of Meselson and Stahl’s experiment, repli-
cated and unreplicated DNA are distinguished by differential
labeling with the heavy isotopes 1*C and '°N, and replicating
DNA is mapped by hybridization to a high-density oligonu-
cleotide array'®. Sampling the replicating DNA at different time
intervals after synchronized cells are released into S phase allows
the timing of replication initiation at different origins to be
determined. This procedure was used to map 332 functional ori-
gins that fire at different times in S phase!®. It also showed that
the rate of replication fork progression varies across the genome.

An alternative approach to mapping genomic origins of repli-
cation has used the ‘ChIP-on-microarray’ strategy described
above for transcription factors to map the binding distribution of
the ORC and MCM proteins, which recognize origins and initiate
replication®. This study identified 429 origins, most of which
overlapped with the former study, and showed that several origins
are associated with repetitive DNA elements in the yeast genome.

In E. coli, which has a circular genome and a unique origin, it
has been possible to monitor the progression of DNA replication
forks at single-gene resolution simply by simultaneously
hybridizing replicating DNA labeled with one fluorophore and
unreplicated DNA labeled with another fluorophore to a
microarray of all E. coli genes!”. This approach has elucidated the
roles of different topoisomerases in facilitating replication.

Other aspects of chromosome dynamics such as recombina-
tion can also be studied on a global scale with microarrays. In
one approach, DNA attached to the yeast Spoll protein, which
marks double-strand breaks that initiate recombination, was
enriched and hybridized to genome microarrays to identify
recombination hotspots and coldspots!8. Although this
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approach does not involve formaldehyde crosslinking, it is likely
that the ChIP strategy will be useful in mapping the genomic
interactions of other proteins involved in chromosome conden-
sation, recombination and segregation.

DNA methylation

In many eukaryotes, DNA methylation is important for regulat-
ing gene expression. Mammalian genomic DNA is methylated at
cytosines in most CpG dinucleotides except for the (G+C)-rich
‘CpG islands’ that are associated with functional gene
promoters'®. DNA methylation is a potent inhibitor of gene
expression and functions, in part through the recruitment of
proteins that bind methyl-CpG and histone deacetylase (HDAC),
to create a transcriptionally repressive chromatin state. The pat-
tern of DNA methylation established during development and
differentiation is maintained by DNA cytosine-5-methyltrans-
ferase (Dnmtl), which functions on the hemimethylated prod-
ucts of semiconservative DNA replication. Aberrant DNA
methylation frequently contributes to the development of cancer,
in which focal hypermethylation of CpG islands transcription-
ally silences tumor suppressor genes?. It is therefore useful to
characterize aberrant patterns of DNA methylation and to iden-
tify methylation-silenced genes and pathways.

Two general approaches have used DNA microarrays to iden-
tify methylation-silenced genes in cancer. The first approach
involves using microarrays to identify upregulated transcripts
after demethylation, which is accomplished either by genetic
inactivation?! or by pharmacological inhibition of Dnmt1, most
often using 5-aza-2' deoxycytidine (DAC)??>~24. Limitations of
this approach include its requirement for living or dividing cells,
and the difficulty in discriminating between direct and indirect
(that is, downstream) effects of demethylation on gene expres-
sion. Indeed, the observation that many DAC-induced genes
have no associated CpG islands?®> suggests that considerable
downstream effects are involved. The common finding of DAC-
induced interferon-responsive genes?>?* may also be explained
as an indirect consequence of the reactivation of methylation-
silenced endogenous retroviruses. Those genes whose expression
is inactivated completely in untreated cells, and whose expres-
sion is upregulated with low doses of DAC followed by the HDAC
inhibitor trichostatin A, but not by trichostatin A alone, may
preferentially reflect genes that are directly silenced by promoter
hypermethylation?4. Information from other sources on gene
function and chromosomal position will help to evaluate candi-
date methylation-silenced tumor suppressor genes.

A second general approach involves using DNA microarrays to
identify methylated genomic DNA directly?>2°. A successful ver-
sion of this approach, termed differential methylation hybridiza-
tion (Fig. 2)2>%7, uses specialized DNA microarrays comprising
cloned CpG islands. Tumor DNA and normal DNA are each
digested with a methylation-sensitive restriction enzyme, and
polymerase chain reaction (PCR) amplicons derived from each
sample are then hybridized to the CpG island array. Array ele-
ments with a stronger hybridization signal in the tumor than in
the normal sample represent aberrantly hypermethylated CpG
islands, which are protected from methylation-sensitive restric-
tion enzyme cleavage and therefore amplified by PCR in the
tumor sample.

This approach has detected patterns of CpG island hypermethy-
lation that correlate with histological grade?® and hormone recep-
tor status?” in breast tumors, and with progression-free survival in
late-stage ovarian cancer?’. Limitations of this approach include a
selection bias for CpG islands containing the methylation-
sensitive restriction site, and the difficulty in associating hyper-
methylated CpG islands, once identified, with nearby genes. A
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promising version of this approach uses arrays comprising tran-
scribed CpG islands located, for example, in the 5' untranslated
region and first exon of genes®®. Such arrays permit a parallel
analysis of CpG island methylation and DAC-induced gene
expression, assuming that sufficiently processive reverse-tran-
scription-based labeling of mRNA can be achieved.
Oligonucleotide arrays have also shown promise in directly
discriminating methylated from unmethylated CpG dinu-
cleotides®132, Bisulphite modification of genomic DNA converts
unmethylated cytosines, but not methylated cytosines, to uracil.
Regions of interest are then amplified by multiplex PCR and
hybridized to an oligonucleotide array with elements designed to
discriminate bisulphite-converted TpG dinucleotides from
methylation-protected CpG dinucleotides. This approach has
been used to identify CpG methylation patterns that can dis-
criminate between normal and tumor tissues, and among differ-

ent types of tumor32,

DNA copy number aberrations and array CGH

Genomic DNA itself can behave dynamically. The genomic insta-
bilities that underlie cancer create gains and losses of whole chro-
mosomes or more localized subchromosomal regions. The
resultant increased expression of oncogenes and decreased
expression of tumor suppressor genes provide a selective growth
advantage to tumor cells that retain such aberrations. Compara-
tive genomic hybridization®? was developed to rapidly identify
and map genomic DNA copy number changes across the
genome. In the original CGH procedure, test (for example,
tumor) and reference (for example, normal) genomic DNAs are
labeled with different fluorophores and cohybridized to a normal
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Fig. 2 Differential methylation hybridization. Tumor and normal linker-ligated
genomic DNA are each digested with a methylation-sensitive restriction
enzyme, and PCR amplicons derived from each sample are labeled and
hybridized to an array comprising clones of CpG islands. Array elements show-
ing a greater hybridization signal in the tumor than in the normal sample repre-
sent CpG islands that are aberrantly hypermethylated in the tumor sample,
protected from methylation-sensitive restriction enzyme cleavage and therefore
amplified by PCR (see ref. 27 for details). This figure was adapted from ref. 25.

metaphase chromosome spread. The ratios of test fluorescence to
reference fluorescence along the chromosomes provide a cytoge-
netic representation of alterations in genomic DNA copy number
in the test sample relative to the reference sample. Although
CGH has been used to catalogue alterations in DNA copy num-
ber in many tumors, its utility in locating the underlying onco-
genes or tumor suppressor genes is limited ultimately by its
cytogenetic mapping resolution.

Recently, DNA microarrays have provided an alternative, high-
resolution platform for CGH**-%¢. In array CGH, differentially
labeled test and reference genomic DNAs are cohybridized to a
microarray containing DNA elements of known position in the
human genome map (Fig. 3). For each element in the array, the
fluorescence ratio represents the relative DNA copy number for
its cognate genomic DNA in the test sample as compared with
the reference sample. The mapping resolution of array CGH is at
least an order of magnitude higher than that of chromosome
CGH and is limited by only the number and the genomic distrib-
ution of arrayed elements.

In some respects, array CGH is more technically challenging
than expression profiling. Genomic DNA is many times more
complex than the mRNA representation of the typical mam-
malian cell. In array CGH, it is also essential to quantify accu-
rately small ratio deviations from unity, such as the expected
ratio of 0.75 for a single-copy loss of a tumor suppressor gene in
a tumor that has a 50% contamination of normal cells. Differ-
ent array CGH formats have been developed to meet these tech-
nical challenges. Arrays comprising either large genomic DNA
clones (such as bacterial artificial chromosomes)3>37:38 or rep-
resentations of such clones made by amplifying with degenerate
oligonucleotide primers by PCR (DOP-PCR)***" provide
high-precision measurements of single-copy gain or loss for
individual clones.

c¢DNA microarrays offer a readily available alternative
where averaging the fluorescence ratios for neighboring genes
along the chromosome provides an accurate identification of sin-
gle-copy changes. Because the same arrays can be used for both
CGH and expression profiling, cDNA microarrays also facilitate
the parallel analysis of DNA copy number and gene expression.
Arrays comprising PCR-amplified, reduced-complexity genomic
representations*>4?, although not used widely as yet, should
provide stronger hybridization signals and, because the test sam-
ple is also amplified by PCR, should permit the analysis of
smaller quantities of genomic DNA. Finally, although oligonu-
cleotide arrays have so far proved useful for CGH analyses of only
low-complexity genomes*»*>, when combined with multiplex
PCR single nucleotide polymorphism arrays may be used to
analyze tumor samples to detect loss of heterozygosity or allelic
loss, which, like deletion, may mark the location of tumor sup-
pressor genes*6—48,

It is often desirable to evaluate specimens, such as biopsies or
microdissected tissue samples, in which the quantity of genomic
DNA is limited. Whereas standard array CGH protocols require
0.1-2 pg of input genomic DNA, the random primer labeling
methods used in these protocols may provide sufficient DNA
amplification to permit the analysis of as little as 3 ng of input
genomic DNA%. For miniscule specimens, amplification by

36,41
>
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Fig. 3 Comparative genomic hybridization to microarrays (array CGH). a, Pro-
tocol for array CGH. Test DNA (tumor) and reference DNA (normal) are labeled
with different fluorophores and cohybridized to a microarray containing DNA
elements with a known position on the genomic map. Fluorescence ratios
reflect the relative DNA copy number in the test sample as compared with the
reference sample. Here, red indicates DNA amplification, and green indicates
DNA deletion. Modified from ref. 36. b, Tumor DNA copy number profile gen-
erated by array CGH. Fluorescence ratio peaks identify regions of DNA amplifi-
cation at high resolution. The sample shown here is chromosome 8 in the
breast cancer cell line SKBR3. This figure was adapted from ref. 58.

DOP-PCR, or less-biased methods for efficient whole-genome
amplification that do not rely on exponential amplification by
PCR (see, for example, ref. 49), may also prove useful.

In studies of cancer, array CGH has been used to localize
changes in DNA copy number that underlie the progression of
mouse islet carcinoma®. Array CGH also has been useful in
identifying patterns of genomic alteration that are diagnostic
for subtypes of non-small cell lung cancer®’, renal cell cancer
and liposarcoma®!. This kind of cancer taxonomy, based on
changes in DNA copy number, is particularly attractive because
DNA is more stable than mRNA and is readily recovered from
paraffin-embedded tissues. Array CGH has proved a facile
method for detecting gene amplifications®*=>> and, in parallel
with expression profiling, for identifying those genes whose
increased expression is driven by DNA amplification in breast
cancer®®>8 and gastric cancer®. Indeed, a parallel microarray
analysis of gene copy number and expression has detected a sig-
nificant impact of widespread alterations in DNA copy number
on the transcriptional programs of breast tumors. This raises
the possibility that global imbalances in gene expression may
disrupt essential stoichiometric relationships in cell metabolism
and physiology and contribute directly to tumor development
or progression>®,

Array CGH has also proved useful in investigations of consti-
tutional genetic syndromes, including the high-resolution analy-
sis of NF2 gene deletions in individuals with neurofibromatosis
type 2 (ref. 60) and the investigation of subtelomeric chromo-
some rearrangements in individuals with mental retardation or
congenital anomalies®!. Other applications of array CGH, which
portend its broad utility, include physically mapping genes in
somatic cell radiation hybrids®?, tracing the progression of chro-
mosomal replication forks in E. coli'’, comparing the genomes
of mycobacteria®® and characterizing the genomic rearrange-
ments that accompany experimental evolution in budding yeast
(M. Dunham and D. Botstein, pers. comm.).

Looking ahead

Mapping proteins onto the genome has been successful in yeast
and will probably become a very useful adjunct to studies of gene
expression profiling. Independent assessments of in vivo interac-
tions by standard PCR assays for specific target loci generally
corroborate the microarray results. But it is not clear that the
overall approach is sufficiently quantitative; that is, the ratio of
fluorescence intensities at a given microarray element may not
reflect precisely the strength of the in vivo interaction at that
locus. This limitation will need to be addressed in the future. As
with all microarray techniques, the error and variability associ-
ated with each of the approaches described here need to be eval-
uated carefully.

Considerable effort is likely to be devoted to mapping the
binding distribution of proteins on mammalian genomes. The
approach of combining ChIP and microarray hybridization has
been shown to work in mammalian cells in principle®493,
although the experiments, which sought to determine the bind-
ing targets of the E2F activator, assayed only a subset of poten-
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tial promoter regions from the human genome. In one
approach, CpG island microarrays were used, thereby enriching
the representation of promoters on the array. Because these ele-
ments had not been characterized previously, binding loci for
E2F were identified only after the arrayed clones that showed
enrichment in the ChIP procedure were sequenced®*. The other
approach used a microarray of PCR fragments approximately 1
kilobasepairs in length that spanned the start site of transcrip-
tion and encompassed most of the proximal promoters of
about 1,500 selected genes, thus taking advantage of the fact
that known E2F-binding sites are located near the transcription
start site®

Because intergenic regions in mammals are on the order of
tens to hundreds of kilobases, it is currently not feasible to make
comprehensive arrays covering all intergenic regions in human
or mouse. This is currently one of the limitations of this
approach in applications to large genomes. Computational
approaches for identifying potential cis-regulatory elements in
vast tracts of intergenic sequence, such as those based on the
clustering of transcription factor binding sites®®%” and on cross-
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species sequence conservation in noncoding regions®®, will
undoubtedly facilitate the fabrication of genome-wide pro-
moter-specific microarrays for complex genomes. For other
completely sequenced genomes of model organisms, such as the
fly, worm and numerous prokaryotes, the impediment to using
similar approaches is smaller. For mapping other chromosomal
features such as replication origins and timing, it is possible that
existing microarrays of mapped cDNAs will sufficel] much as
they have for array CGH.

Many higher eukaryotes are also at a disadvantage in the com-
bined ChIP and microarray approach owing to the relative diffi-
culty, as compared with yeast, of generating exact chromosomal
replacements of genes with fused epitope tags. One must then
rely either on using antibodies against the native protein or on
ectopically expressing epitope-tagged proteins. It is also unclear
whether this approach can be used to map genomic interactions
in cells in solid tissue, where a lot of interesting biology takes
place. Nevertheless, the prospects seem bright for our ability to
map proteins and other chromosomal features in mammalian
genomes and to integrate these maps with the excellent graphical
sequence annotation maps of the human and mouse genomes
available on websites such as those of the University of California
at Santa Cruz (http://genome.ucsc.edu/cgi-bin/hgGateway) and
the National Center for Biotechnology Information (http://www.
ncbi.nlm.nih.gov/cgi-bin/Entrez/hum_srch).

A formidable challenge ahead is to develop bioinformatics
approaches to integrate different views of the genome, including,
for example, protein localization, DNA modifications and copy
number changes, with gene expression profiles to build compre-
hensive models for global gene regulation and other aspects of
genome dynamics. Such modeling is essential for making the
leap from our current, mostly cataloguing activities to global
insights into cell function under normal conditions and in
pathological states. For studies of cancer, integrating microarray
data on DNA methylation and alterations in copy number with
microarray data on gene expression will provide complementary
views of the cancer cell. For example, the microarray identifica-
tion of a chromosomal region showing hypermethylation, dele-
tion, loss of heterozygosity and decreased expression across a
series of tumors would provide strong presumptive evidence for
the existence of an important tumor suppressor gene. Integrating
varied views of the physical genome with gene expression data
will also undoubtedly provide a basis for an improved molecular
classification of cancer. Finally, the genomic alterations and aber-
rant DNA methylation observed in cancer are certain to disrupt
normal patterns of chromatin and to alter the distribution of
DNA-binding proteins. It will interesting to collect and integrate
ChIP and microarray data on such altered patterns of DNA-
binding proteins including transcription factors (for example,
the oncogenic fusion proteins observed in many leukemias).
Through continued technical innovation and clever experimen-
tation, microarrays are certain to provide an increasingly detailed
understanding of dynamic genomes in the future.
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