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The DNA microarray technology delivers an experimental tool that allows survey-
ing expression of genetic information on a genome-wide scale at the level of single
genes — for the new field termed functional genomics. Gene expression profiling —
the primary application of DNA microarrays technology — generates monumental
amounts of information concerning the functioning of genes, cells and organisms.
However, the expression of genetic information is regulated by a number of factors
that cannot be directly targeted by standard gene expression profiling. The genetic
material of eukaryotic cells is packed into chromatin which provides the compaction
and organization of DNA for replication, repair and recombination processes, and is
the major epigenetic factor determining the expression of genetic information.
Genomic DNA can be methylated and this modification modulates interactions with
proteins which change the functional status of genes. Both chromatin structure and
transcriptional activity are affected by the processes of replication, recombination
and repair. Modified DNA microarray technology could be applied to genome-wide
study of epigenetic factors and processes that modulate the expression of genetic in-
formation. Attempts to use DNA microarrays in studies of chromatin packing state,
chromatin/DNA-binding protein distribution and DNA methylation pattern on a ge-
nome-wide scale are briefly reviewed in this paper.

Completion of the Human Genome Project
has opened a new era in studies of functions
of cells and organisms. Identification of the

thousands of genes forming genomes brings
us to the next frontier: elucidation of the func-
tions of these genes and their interactions —
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to “functional genomics”. An experimental
tool that allows surveying expression of the
genetic information on a genome-wide scale
at the level of single genes has been developed
just a few years ago thanks to the microarray
technology. The basic concept behind DNA
microarrays is the precise positioning of DNA
probes at a high density in a way that they
can work as molecular detectors. Different
variations of this technology are in use, yet
the most common are cDNA microarrays,
where DNA fragments are spotted on a solid
surface, and oligonucleotide microarrays,
where oligonucleotides are synthesized in
situ. In original protocols immobilized DNA
probes were hybridized to cDNA obtained af-
ter reverse transcription of RNA samples, ei-
ther poly(A)mRNA or total RNA. In the initial
procedure probes were labeled directly,
whereby reverse transcription of mRNA was
primed using a poly(dT) primer in the pres-
ence of fluorescently labeled nucleotides.
More advanced protocols involve repeated
rounds of RNA amplification, which in-
creases the sensitivity and reduces the re-
quired amount of starting RNA (reviewed in:
Holloway et al., 2002). Gene expression
microarrays allow one to study transcripts of
thousands of genes simultaneously, generat-
ing “gene expression profiles”. Such “expres-
sion profiles” have been successfully used in
medical research and biotechnology. On the
medical field, expression microarrays allow
detailed documentation of responses of cells
and tissues to both disease and therapeutic
treatment, and facilitate classification of sam-
ples (reviewed in: Gerhold et al., 2002). Gene
expression profiling — the primary applica-
tion of DNA microarray technology — gener-
ates monumental amounts of information
concerning the functioning of a cell type or
tissue specimen. However, the expression of
genetic information is regulated by several
factors that cannot be directly targeted by
standard gene expression profiling.
The genetic material of eukaryotic cells is

packed into a nucleoprotein complex termed

chromatin. This packing of DNA provides the
compaction and organization for the replica-
tion, repair and recombination processes,
and is the major epigenetic factor determin-
ing the expression of genetic information.
The fundamental structural unit of chromatin
is the nucleosome, which contains 146 base
pairs of DNA wrapped around an octamer of
core histones (so called core particle). In addi-
tion, the nucleosome consists of a linker re-
gion of variable length (generally less than 50
base pairs), which interacts with the linker
histone H1 and/or other non-histone proteins
(e.g. certain HMG proteins). The polynucleo-
somal chain is further looped and folded into
various higher order structures. The organi-
zation of chromatin domains (or loops) seems
to be maintained by anchorage of specific
DNA sequences into a protein network of the
nucleoskeleton. Nucleosomes positioned in
the regulatory regions of genes often hinder
the accessibility of binding sites for tran-
scription factors. In addition, formation of
specific chromatin structures leads to trans-
criptional repression of chromatin domains
or regions (e.g. formation of highly packed/
condensed heterochromatin). Among the dif-
ferent mechanisms that act on the level of
chromatin to activate transcription are:
non-covalent ATP-dependent remodeling of
nucleosome structure and covalent post-
translational modifications of histones (so
called “histone code”). The most common
post-translational modification of core his-
tones is acetylation/deacetylation of con-
served lysine residues catalyzed by specific
histone acetyltransferases and deacetylases.
At the moment, it is commonly accepted that
structural transitions in chromatin caused by
histone modifications and/or chromatin re-
modeling “machines” facilitate the binding of
regulatory proteins to gene promoters, which
allows assembly of the RNA polymerase com-
plex to activate transcription. It is generally
believed that the open/uncondensed chro-
matin state, which allows access of transcrip-
tion factors and RNA polymerases to the tem-
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plate, is typical for regions where active (or
potentially active) genes are located. On the
other hand, non-active repressed genes are lo-
cated primarily in regions of packed/con-
densed chromatin (heterochromatin) (re-
viewed in: Groudine & Felsenfeld, 2003; Fry
& Peterson, 2001).
Because of technical limitations, the knowl-

edge about the actual state of chromatin pack-
ing/condensation and its relationship to
transcriptional activity was until recently re-
stricted to a small number of genes studied in
a few model organisms. The DNA microarray
technology delivered the unique opportunity
to survey the chromatin structure on a ge-
nome-wide scale at the resolution of single
genes. In fact, modified DNA microarray
technology has already been applied to ge-
nome-wide study of epigenetic factors and
processes that regulate the expression of ge-
netic information (reviewed in: Pollack &
Iyer, 2002). This new field could be termed
“epigenomics” (Novik et al., 2002). This paper
briefly describes attempts to use DNA
microarrays in studies of chromatin structure
on a genome-wide scale.

METHODOLOGY

The initial implementation of DNA
microarray technology into genome struc-
tural research was comparative genomic hy-
bridization (CGH) array, which allowed high
resolution analysis of gene copy number
(Solinas-Toldo et al., 1997; Pinkel et al.,
1998). The primary difference between gene
expression microarrays and the CGH array is
replacement of RNA samples with DNA ones
as a starting material. Two DNA samples are
labeled with different fluorophores and co-hy-
bridized to a DNA microarray, and their fluo-
rescence ratio represents the relative DNA
copy number. Similar strategies could be ap-
plied to study other aspects of genome struc-
ture: “test” and “reference” DNA samples
that are differentially labeled and co-hybrid-

ized to a DNA microarray, either “standard”
or “specialized” (e.g. microarrays of promoter
sequences or CpG islands). DNA could be flu-
orescence labeled either during PCR amplifi-
cation or without amplification. The most es-
sential step in such “structural” array proto-
cols is initial isolation/fractionation of
genomic DNA in a way that would reflect the
problem to be analyzed. Several principles
that lie behind such fractionation procedures
are listed below.

Differential physicochemical characteristics
of nucleoprotein complexes

One of such strategies, originally described
by Garrard and coworkers (reviewed in:
Huang & Garrard, 1988), has been used to
fractionate chromatin based on differential
solubility of histone H1-containing and
histone H1-free nucleosomes. Isolated nuclei
were briefly incubated at “physiological” ionic
strength with micrococcal nuclease, which
specifically cleaves internucleosomal linker
DNA. That treatment solubilized 10–20% of
the chromatin, which was collected as the
first supernatant fraction termed S1. After
removal of salt an additional 50–60% of the
chromatin was solubilized, which was col-
lected as the second supernatant fraction
termed S2. The S1 fraction contained primar-
ily mononucleosomes lacking histone H1
while S2 consisted of histone H1-containing
oligonucleosomal particles. Another strategy
to fractionate genomic DNA based on specific
nucleoprotein complexes that seems to be po-
tentially applicable to DNA microarray analy-
sis would be isolation of nuclear matrix-at-
tached DNA (Sumer et al., 2003). The nuclear
matrix is a putative skeletal structure isolated
from nuclei after removal of the majority of
DNA and chromatin proteins. Such a residual
fraction obtained after treatment of nuclei
with nucleases and high salt buffers contains
5–10% of the total genomic DNA putatively
involved in chromatin organization and
regulation of the genome metabolism.
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Immunoprecipitation

This strategy is based on the chromatin
immunoprecipitation (ChIP) technique and
allows one to study the interactions of
genomic DNA with any specific protein. In
the standard ChIP procedure proteins are
crosslinked to their binding sites in
chromatin by formaldehyde, the chromatin is
sheared to possess DNA fragments of about
500 bp in length, and then the chromatin con-
taining the proteins of interest is immuno-
precipitated using specific antibody. After re-
versal of the crosslinks and removal of pro-
teins, amplified and labeled DNA is hybrid-
ized to a microarray. This allows identifica-
tion of DNA sequences enriched in a specific
protein-bound fraction, and could be used to
study binding distribution of transcription
factors, chromatin proteins, replication/re-
combination proteins, DNA methylases and
any other proteins interacting with the
genome (see below).

DNA size fractionation

This strategy could be used to identify DNA
sequences that are substrates of specific DNA
fragmentation factors (e.g. structure-specific
nucleases), either in chromatin or after DNA
purification. Digested fragments could be iso-
lated by size fractionation (e.g. by gel electro-
phoresis), and then labeled and hybridized to
microarrays. Sequences containing nuclease-
sensitive structures or located within
nuclease-sensitive domains would be en-
riched in such “shortened” fraction. An alter-
native procedure includes PCR amplification
from ligated linkers. After linker-ligation,
randomly fragmented genomic DNA is di-
gested with structure-specific nucleases (e.g.
methylation-sensitive restriction enzymes),
PCR-amplified/labeled and hybridized to
microarrays. Fragments containing nuclease-
sensitive sites are not amplified and under-
represented in hybridization profiles. The
size-dependent strategy was successfully used
to identify DNA methylation pattern (Huang

et al., 1999) and chromatin nuclease-sensitiv-
ity (Weil et al., 2004).

GLOBAL SURVEY OF CHROMATIN
STRUCTURE

Chromatin packing arrays

In order to isolate the open/loosely packed
chromatin fraction putatively enriched in ac-
tive (or potentially active) genes and the con-
densed/packed chromatin fraction putatively
enriched in repressed/inactive genes we took
advantage of differential solubility of nucleo-
somes containing or lacking histone H1, be-
cause this histone is more abundant in con-
densed chromatin (Garrard, 1991). DNA puri-
fied from the S1 (histone H1-deficient) or S2
(histone H1-containing) chromatin fraction
was labeled and co-hybridized with RNA or to-
tal genomic DNA to a cDNA microarray
(Wid³ak & Fujarewicz, 2003; Weil et al.,
2004). To identify genes enriched in the con-
densed/packed chromatin DNA signals were
compared between the S2 and S1 chromatin
fractions or between the S2 chromatin frac-
tion and total non-fractionated genomic DNA.
Although a large portion of genes showed ran-
dom distribution between the fractions, clus-
ters of genes enriched in the S1 and in the S2
fractions could be distinguished. We found a
clear correlation between the packing/con-
densation state and the transcription activity:
inactive genes were enriched in the S2 frac-
tion while active ones were depleted (Wid³ak
& Fujarewicz, 2003; Weil et al., 2004). The re-
sults obtained confirmed the initial specula-
tion that the nuclear fraction containing the
histone H1-rich packed/condensed chromatin
would be enriched in inactive genes while the
histone H1-deficient less condensed/open
chromatin would be enriched in active genes.
Another experimental approach that has

been used in a global survey of chromatin
packing/condensation state is based on
nuclease sensitivity. Sites in chromatin that
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have already bound transcription factors, or
that will allow their binding, are experimen-
tally detected as nuclease hypersensitive
sites. Hypersensitive sites are usually indica-
tors of regulatory regions of potentially active
or active genes, and transcriptionally active
chromatin is generally more sensitive to nu-
cleases as compared to inactive hetero-
chromatin (Gross & Garrard, 1988). A
method of chromatin fractionation was imple-
mented that based on differential accessibil-
ity to DNase I and recovery of the packed/
condensed fraction by fragment length selec-
tion for the highest mass and therefore the
most protected DNA fragments. The fraction
of nuclease resistant DNA was co-hybridized
to cDNA micrarrays together with total
genomic DNA, which allowed identification of
genes enriched in the packed/condensed
chromatin fraction. As expected, the expres-
sion of genes was inversely proportional to
their packing state. More interestingly, frac-
tions of genes enriched in the packed/con-
densed chromatin fraction isolated according
to either the nuclease resistance or the
chromatin solubility methods essentially
(80%) overlapped thereby validating the con-
cept of chromatin packing arrays (Weil et al.,
2004). The fact that the chromatin condensa-
tion state established using “chromatin pack-
ing arrays” correlates with the
transcriptional activity state is particularly
important in the case of genes whose
expression level is below the detection
threshold and could enable the discovery of
new expressed genes.

Global distribution of specific chromatin
proteins

Chromatin structure is strongly influenced
by the presence of specific histone variants,
their post-translational modifications and
non-histone proteins. Heterochromatin usu-
ally contains hypo-acetylated and hyper-meth-
ylated core histones (and histone H1 as well).
Consequently, the presence of hyper-acetylat-

ed histones and/or specific histone acetyl-
tranferases might be indicative for open
transcriptionally active chromatin. The
“ChIP-on-microarray” (or “ChIP on CHIP”)
strategy has been used to map the genomic
distribution of acetylated domains in yeast
based on immunoprecipitation of acetylated
histones H3 and H4, and histone acetyl-
transferases or deacetylases (Reid et al.,
2001; Robyr et al., 2002; Kurdistani et al.,
2002). It has been evidenced that different
histone deacetylases and acetyltransferases
are specific for different genes and chromatin
domains. The distribution of the Sir2
deacetylase and other Sir proteins responsi-
ble for chromatin silencing in yeast has also
been mapped (Lieb et al., 2001). Interestingly,
similar experiments confirmed the associa-
tion of Sir proteins with the telomere-specific
proteins Rap and Rif at chromosome ends
and subtelomeric regions (Smith et al., 2003).
The same “ChIP-on-microarray” strategy has
been used to map the interactions of the RSC
chromatin remodeling complex. Identifica-
tion of about 700 RSC physiological targets in
the yeast genome showed that the complex is
generally recruited to Pol III promoters while
recruitment to Pol II ones required specific
transcriptional activators and repressors (Ng
et al., 2002). It has also been shown that the
RSC complex is involved in modulation of ex-
pression of genes regulated by stress
(Damelin et al., 2002).

Binding distribution of transcription fac-
tors

The expression of genes is regulated by both
chromatin structure and binding of specific
transcription factors. To understand the roles
of individual transcription factors in the regu-
lation of expression of genetic information it
is absolutely essential to map their physical
interactions with their in vivo targets. The
DNA microarray technology combined with
immunoprecipitation of regulatory proteins
and associated DNA fragments is the method
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of choice to study global binding distribution
of transcription factors. The knowledge about
the global distribution of transcription fac-
tors binding sites would allow one to identify
their directly targeted genes and determine
actual clustering of different transcription
factors in particular regulatory regions of
genes in vivo. Such genome-wide maps of
binding sites have been established for sev-
eral yeast transcription factors (Ren et al.,
2000). Data on the binding distribution of the
yeast cell-cycle regulators SBF and MBF en-
abled the clarification of the network of inter-
actions involved in the regulation of the cell
cycle (Iyer et al., 2001). Combination of ex-
pression profiling with binding distribution
data proved that indeed cell cycle trans-
criptional activators that function during one
stage of the cycle directly targeted activators
specific for the next stage (Simon et al.,
2001).

DNA replication, recombination and repair

The “ChIP-on-microarray” strategy can be
applied to map the genomic distribution of
proteins specifically involved in genome me-
tabolism: the replication, recombination and
repair. DNA replication origins are essential
elements contributing to the propagation of
chromosomes. Such elements could be identi-
fied due to specific proteins that form
pre-replicative complexes. The binding distri-
bution of ORC and MCM proteins allowed the
mapping of about 400 replication origins in
yeast chromosomes (Wyrick et al., 2001).
Similarly, association of the Spo11 recom-
binase with recombination initiation sites al-
lowed the indentification of meiotic recombi-
nation hotspots and coldspots in the yeast ge-
nome (Gerton et al., 2000).

CpG methylation arrays

In addition to protein modification, gene ex-
pression is regulated by DNA modifications,
mostly methylation. Mammalian DNA can be

methylated at cytosines and indeed a large
portion of genomic DNA is methylated in CpG
dinucleotides. The essential exception are the
GC-rich “CpG islands” in active gene promot-
ers that are generally hypo-methylated. The
pattern of DNA methylation specific for par-
ticular cells is maintained by DNA cyto-
sine-5-methyltranferases (like Dnmt1), which
preferentially modify hemimethylated DNA
resulting from replication. Aberrations in
DNA methylation patterns could be indica-
tors of gene malfunctions and frequently con-
tribute to the development of cancer. DNA
methylation and chromatin modification
structurally and functionally cooperate in re-
pression of gene expression. It has been
shown that methyl-CpG-binding proteins (like
MeCP2) recruit histone deacetylases and
other co-repressors to targeted sequences.
Thus, DNA methylation could pattern other
chromatin modifications (reviewed in: Ng &
Bird, 1999).
Genome-wide screening of hypermethylated

CpG islands was allowed by a DNA ar-
ray-based method called differential methyl-
ation hybridization (DMH) arrays. This tech-
nique involves cleavage of DNA with
methylation-sensitive restriction enzymes
and hybridization of PCR-amplified/labeled
fragments to a microarray comprised of
cloned CpG islands (Huang et al., 1999). DMH
arrays were used to detect methylation pat-
terns in human cancer. It has been shown
that hypermethylation of CpG islands corre-
lates with the stage of breast (Yan et al., 2000)
and ovarian (Wei et al., 2002) cancer. An al-
ternative technique to study DNA methyl-
ation patterns is called methylation-specific
oligonucleotide (MSO) array. In this method
genomic DNA is modified with bisulphite,
which converts unmethylated cytosines to
thymine. Modified DNA is then PCR-ampli-
fied/labeled and hybridized to an oligo-
nucleotide microarray designed to discrimi-
nate between the bisulphite-converted TpG
dinucleotides and the methylation-protected
CpG dinucleotides (Gitan et al., 2002).
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