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Gene Clusters, Molecular Evolution and Disease: A Speculation
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Abstract: Traditionally eukaryotic genes are considered independently expressed under the control of their promoters and
cis-regulatory domains. However, recent studies in worms, flies, mice and humans have shown that genes co-habiting a
chromatin domain or “genomic neighborhood” are frequently co-expressed. Often these co-expressed genes neither con-
stitute part of an operon nor function within the same biological pathway. The mechanisms underlying the partitioning of
the genome into transcriptional genomic neighborhoods are poorly defined. However, cross-species analyses find that the
linkage among the co-expressed genes of these clusters is significantly conserved and that the expression patterns of genes
within clusters have coevolved with the clusters. Such selection could be mediated by chromatin interactions with the nu-
clear matrix and long-range remodeling of chromatin structure. In the context of human disease, we propose that dysregu-
lation of gene expression across genomic neighborhoods will cause highly pleiotropic diseases. Candidate genomic neigh-
borhood diseases include the nuclear laminopathies, chromosomal translocations and genomic instability disorders, im-
printing disorders of errant insulator function, syndromes from impaired cohesin complex assembly, as well as diseases of
global covalent histone modifications and DNA methylation. The alteration of transcriptional genomic neighborhoods
provides an exciting and novel model for studying epigenetic alterations as quantitative traits in complex common human
diseases.
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INTRODUCTION

Gene expression is epigenetically regulated by DNA
methylation, histone modifications, and chromatin remodel-
ing [1]. The covalent modification of DNA and histones al-
ters chromatin structure changing promoter accessibility to
transcription factors. These DNA and histone modifications
impose a level of transcriptional regulation in addition to the
nuclear concentration and covalent modification of transcrip-
tion factors. Therefore, in the context of a gene promoter,
these DNA and histone modifications influence the binding
of transcription factors and the regulation of gene expression
[1].

Except for a few clusters of functionally related genes
such as the rRNA, histone, Hox, and globin genes that are
frequently co-regulated, the general perception has been that
functionally unrelated genes are not co-regulated but are
independently expressed under the control of their promoters
and associated regulatory domains. However, in contrast to
this perception, several recent studies in yeast, worms, flies,
mice and humans have shown that genes co-habiting a
chromatin domain or ‘“genomic neighborhood” are fre-
quently co-expressed [2-10]. Often these co-expressed genes
do not function within the same biological pathway [10].

The mechanisms for partitioning the genome into clusters
of co-expressed genes are poorly understood. However, the
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conservation of clustering across species suggests that this
organization did not arise randomly but by selection and
therefore perturbation of this organization could be deleteri-
ous. We review the evidence for co-expressed gene clusters,
or genomic neighborhoods, discuss possible regulators of
these clusters, and review a group of human disorders poten-
tially disrupting genomic neighborhoods.

GENOMIC NEIGHBORHOODS

Microarray, Serial Analysis of Gene Expression (SAGE)
and Expressed-Sequence Tag (EST) analyses of gene expres-
sion have shown that many genes are organized into co-
expressed clusters. Simplistically, these co-expressed gene
clusters can be organized into three groups: 1) paralogous
genes arising from gene duplications, 2) functionally related,
non-duplicated genes, and 3) unrelated, non-duplicated genes
that are co-expressed. Paralogous gene clusters contain genes
that arose through tandem duplications resulting in genes
that are often co-expressed as observed for duplicate gene
clusters in C. elegans [5]. However, as illustrated by the
clustered Hox genes, which are temporospatially co-regula-
ted, not all clustered paralogous genes are necessarily co-
expressed [11]. Clusters of functionally related genes include
genes within the same pathway, genes encoding interacting
proteins, or genes that affect the same trait. Not all function-
ally related genes are clustered within or among species. For
example, genes within the same metabolic pathway, as de-
fined by the Kyoto Encyclopedia of Genes and Genomes
(KEGG) cluster in humans, whereas genes within the same
Gene Ontology do not cluster in humans [12, 13]. Clusters of
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co-expressed unrelated, non-duplicated genes can be subdi-
vided into those that are co-expressed at a fixed developmen-
tal time and/or location or into those that are co-expressed at
all times and in all locations. For example, within the human
genome, co-expression of housekeeping gene clusters has
been found in addition to tissue-specific gene clustering of
cartilage-expressed transcripts [14, 15].

S. cerevisiae

Genomic clustering of co-expressed genes was first
identified in studies of S. cerevisiae genes with cell-cycle
dependent expression patterns [4]. About 25% of the genes
expressed during the same phase of the cell cycle are ar-
ranged as pairs [16].

C. elegans

Unlike most other eukaryotes, C. elegans has approxi-
mately 15 percent of its genes organized into operons, which
are transcribed as polycistronic messages. These messages
are subsequently processed into monocistronic mMRNAs by
trans-splicing [17]. Thus the genes within these operons are
transcriptionally co-regulated. Additionally, tandem duplica-
tion of genes results in co-expression of many paralogues.
Interestingly however, transcriptional co-expression is not
limited to operons and tandem duplications because when
the transcriptional data from such genes are excluded, the
remaining genes are still transcriptionally clustered [5, 7, 9].
Also, some of this clustering reflects co-regulation of tissue-
specific genes such as those expressed during spermatogene-
sis and in larval muscle [7, 9]. These observations support
the idea that genomic neighborhoods are structural features
that are, at least in part, independent of its occupants.

Drosophila

In Drosophila melanogaster, about 20% of genes are
arranged into clusters spanning 20 to 200 kb and containing
10 to 30 genes each [10]. Spellman and Rubin found that
although paralogues and genes encoding functionally related
products cluster, the gene composition of many other clus-
ters is not defined by these identifiers [10]. In the transcrip-
tional co-expression of adjacent genes observed by Boutan-
aev et al., a third of testes-specific genes were expressed in
clusters of two to six genes yet only about 16% of these clus-
ters contained two or more paralogues [2]. Therefore, gene
duplications account for many two-gene clusters but are not
characteristic of clusters containing three or more co-
expressed genes [2].

Mouse

Profiling of murine testes-specific ESTs showed that the
mouse genome contains clusters of genes that are specifi-
cally expressed in the testis [6]. As observed in C. elegans
and Drosophila, nonparalogous genes co-expressed in the
testes were organized into large clusters on all mouse chro-
mosomes [6]. Similarly, the profiling of murine oocyte-
specific ESTs identified oocyte-specific clusters of co-
expressed genes adjacent to the telomeres of chromosomes
9, 12, 14 and 19 [8]. Because oocyte-specific genes outside
of these clusters were not biased toward a telomeric location,
the authors suggested that the oocyte-specific telomeric clus-
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ters were nonrandom [8]. Additionally they suggested that
this organization facilitates silencing of oocyte-specific
genes in non-ovarian tissues because murine telomeres were
highly heterochromatic [8]. Therefore these oocyte-specific
clusters may constitute genomic neighborhoods that are
regulated and controlled in a tissue-specific manner by
higher order genomic organization.

Human

In humans, highly expressed genes cluster in large do-
mains called RIDGEs (Regions of IncreaseD Gene Expres-
sion) and, interestingly, 40-50% of these RIDGEs map to
telomeres [3]. Caron et al. observed that chromosomes with
high gene density contain an increased number of RIDGES
when compared to chromosomes with low gene density [3].
More specifically, RIDGEs themselves have high gene and
short interspersed nuclear repetitive DNA element (SINE)
density and high GC content [3, 18].

Examining human Serial Analysis of Gene Expression
(SAGE) data from 14 different types of tissues, Lercher et al.
identified co-expression clusters of highly expressed house-
keeping genes but not of tissue-specific genes [14]. Similar
to RIDGEs, these clusters were highly correlated with re-
gions of high GC content [18, 19]. Based on these observa-
tions, they hypothesized that housekeeping genes would be
clustered in open chromatin to facilitate transcription. Con-
sistent with this, they found that highly expressed gene clus-
ters associated cytogenetically with the lightest staining
Giemsa bands, i.e., relaxed chromatin [19].

While mapping cartilage-expressed transcripts (CETS) in
the human genome, Yager et al. was able to identify cluster-
ing of co-expressed non-housekeeping genes Moreover, it
has recently been shown that human embryonic stem cells
contain co-expression domains that are distinguishable from
co-expression domains identified in the embryoid body [20].
These data suggest that not all clusters of co-expressed genes
consist of housekeeping genes, but rather some clusters also
constitute tissue-specific genes, or even differentiation-
specific genes.

Further refining the co-expression clusters within the
human genome, Sémon and Duret found that ~65% of the
human genes belong to co-expressed gene clusters and that
the distribution of cluster size, as judged by the number of
genes, is biased toward small clusters [21]. The clusters that
they defined also were not limited to functionally related or
housekeeping genes.

In summary, clustering of co-expressed genes occurs
with each species and across species [12, 21-23]. Interest-
ingly, this is not only applicable to paralogues, functionally
related genes, tissue-specific genes, or housekeeping genes
but also apparently to unrelated genes. Studies in several
species show that clusters of co-expressed genes fall within
genomic regions containing low recombination rates, dem-
onstrate coevolution of gene expression with gene clustering,
and conservation of clusters between species. These observa-
tions suggest that these co-expressed clusters are maintained
by natural selection [24-26]. Therefore, if the assembly of
co-expressed genes into clusters is nonrandom, then this or-
ganization must be highly regulated within the three-dimen-
sional structure of the nucleus, and one could hypothesize
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that the loss of this organization would be deleterious to the
organism.

THREE-DIMENSIONAL NUCLEAR ORGANIZA-
TION AND GENE REGULATION

Although the mechanisms responsible for partitioning the
genome into regions of co-expressed clusters are incom-
pletely defined, our current understanding of the three-
dimensional organization of the nucleus suggests possible
candidate mechanisms. Factors contributing to the formation
of genomic neighborhoods likely include chromosomal spa-
tial orientation, chromatin interaction with the nuclear lam-
ina, and the association of chromatin with subnuclear struc-
tures.

Oliver et al. proposed three models for co-expression of
non-paralogous genes: 1) the incidental expression model, 2)
the chromatin domain model and 3) the three-dimensional
space model [27]. The incidental expression model predicts
that when a transcription factor binds a target gene, it also
incidentally activates neighboring genes and that this inci-
dental co-expression of neighboring genes may have little
biological relevance. The structural domain model proposes
that the opening of an entire genomic neighborhood facili-
tates the binding of the transcriptional machinery to any gene
within the neighborhood and that these neighborhoods would
be demarcated and regulated by boundaries such as insulator
complexes. Finally, according to the three-dimensional space
model, a target gene is recruited to a subnuclear location
such as a transcription factory and adjacent genes would also
be exposed to the transcription machinery and therefore also
transcribed [27]. Each of these non-exclusive models empha-
sizes a different aspect of nuclear architecture and thus pro-
vides a slightly different mechanistic view of the role for
nuclear architecture in regulation of genomic neighborhoods.

Nuclear Envelope

The lamins and associated proteins are the major compo-
nents of the nuclear lamina. These proteins maintain the in-
tegrity of the nuclear envelope [28], provide a structural at-
tachment point for chromatin [29], help define DNA replica-
tion sites [28, 30-32], localize nuclear bodies [33], and facili-
tate transcription [34-37]. Spann et al. showed that interfer-
ing with lamin organization inhibited RNA polymerase 11
activity and therefore suggested that the nuclear lamina is
required for the assembly of basal transcription factors and
RNA polymerase 11 [36]. A role for the nuclear lamina in
gene expression is further substantiated by interaction of
lamin-associated proteins with the transcriptional apparatus.
For example, emerin, an inner nuclear envelope protein, not
only binds lamins A and B but also interacts with the trans-
cription factors GCL, Btf, Lmo7, BAF, and YT521-B [34,
37-41]. The roles of the nuclear lamina in defining regions of
transcriptional co-expression have not been reported. How-
ever, as described below, the pleiotropic disorders associated
with mutations of the nuclear lamina suggest that it has both
global and tissue-specific effects on gene expression.

Nuclear Genomic Organization

Rabl first proposed a territorial organization of interphase
chromosomes in 1885 [42]. Interphase nuclei have regions of
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high density (heterochromatin), regions of lower density
(euchromatin), and regions of lowest density (nucleoli) [43].
However, the DNA from the various chromosomes is not
randomly intertwined, rather chromosomes occupy nhon-
overlapping territories of irregular shape [44-48]. There are
two existing models for the distribution of chromosome terri-
tories [49]. One model suggests that gene-dense chromo-
somes are located more internally than gene-poor ones. Al-
though not consistently observed [50], this arrangement has
been frequently reported for mammalian and chicken cells
[46, 51, 52] as well as for homologous chromosomes in
higher primates [53] and syntenic chromosomes in humans
and mice [54, 55]. The other model proposes that chromo-
somal territories are organized by gene function. For exam-
ple, chromosomal organization arises from interactions be-
tween chromosome territories or domains required for DNA
repair and homologous recombination [49, 56].

Development-specific and cell cycle-specific spatial
alignment of homologous chromosome segments occurs in
Drosophila [57-59] and for mammalian chromosomes in a
variety of cells [60, 61]. Interestingly, the positioning of in-
terphase chromosomes is largely inherited from mother to
daughter nuclei in mammals suggesting that this may be a
high order epigenetic regulatory mechanism [62-66].

Subnuclear Structures and the Interchromosomal Do-
mains

Chromatin from separate territories minimally intermin-
gles [46, 67]. Electron microscopy and polymerization of
probes such as vimentin clearly define an interchromosomal
domain or space between chromosomal territiories [68-72].
Nuclear bodies, such as Cajal and PML bodies, speckles, and
specific nascent RNA accumulations lie in the interchromo-
somal domains along the surface of chromosome territories
and are excluded from the chromosome territories [69, 72-
75]. Genes are generally distributed along the periphery of
chromosome territories and invaginating channels where
they can loop out into interchromosomal domains upon the
induction of expression [54, 55, 76-80]. Thus, transcription
may predominate along the periphery of a chromosome terri-
tory since this would allow access for transcription factors
and facilitate processing and transport of mRNA [46, 71, 72,
77]. Moreover, these findings suggest that the topology of
genes relative to the interchromosomal domain compartment
might provide a framework for the clustering of co-expressed
genes and contribute to the overall regulation of gene ex-
pression [46, 67, 71, 72, 77, 81, 82].

Boundary Elements

Observations from yeast, Drosophila, chicken, mouse
and human studies show that insulators compartmentalize
the genome into separate regions of gene expression through
interactions with DNA, the nuclear matrix, and other protein
components [83-85]. Through these interactions, insulator
complexes are proposed to facilitate the formation of higher
order genomic structures that can be independently regulated
and are defined by two activities: 1) they can inhibit the
spread of heterochromatin, and/or 2) they can block a tran-
scriptional enhancer from activating a promoter when lo-
cated between the two [85].
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One of the best-studied insulators is the gypsy element
found in the Drosophila gypsy retrotransposon. Proteins that
directly or indirectly bind the gypsy insulator include sup-
pressor of hairy wing, modifier of mdg4, Centrosomal pro-
tein 190 kD, Trithorax-like, and components of the nuclear
matrix [86- 89]. Modulation of the interaction between these
proteins and the gypsy insulator sequences defines higher
order chromatin structures, such as chromatin loops, and the
functionality of each gypsy sequence [86, 87, 89].

In vertebrates, our understanding of insulator function
primarily comes from studies of imprinted genomic domains,
such as the Beckwith Weideman region, and the beta-globin
gene cluster [90, 91]. CCCTC-binding factor (CTCF), which
binds the insulator sequences in these regions as well as
many other sites, is the best-characterized mammalian insu-
lator-binding protein. The 5° CHS4 insulator sequence,
which is located upstream of the beta-globin cluster, has two
separable functions: 1) it inhibits the adjacent heterochro-
matin from spreading into the beta-globin locus, and 2) it
blocks enhancer-promoter interactions [92]. In addition to
binding sequences such as CHS4, CTCF binds nucleophos-
min, a nucleolar protein, and components of the nuclear ma-
trix [93-95]. Binding of CTCF to the CHS4 and other insula-
tors is proposed to facilitate the formation of chromatin
loops and tether these loops to subnuclear structures, such as
the nucleolus and the nuclear matrix [95].

Another chromatin structural motif that is potentially
involved in the establishment of genomic neighborhoods is
the cohesin complex. Cohesin complexes were originally
identified for their role in maintaining sister chromatid cohe-
sion prior to their separation during anaphase [96]. The Dro-
sophila protein Nipped-B loads the cohesin complex onto the
chromosomes and is also required for facilitating enhancer-
promoter communication [97-99] and regulating gene ex-
pression [97]. This suggests that cohesin complexes may
also be structural elements defining and regulating gene co-
expression domains and that impaired or errant localization
of cohesin complexes could affect RNA transcription across
large genomic regions.

In summary, the three-dimensional structure of the nu-
cleus provides a context for understanding and elucidating
transcriptional genomic neighborhoods and an experimental
basis for understanding the incidental expression, chromatin
domain and three-dimensional space models for clustering of
co-expressed genes. The intricate architecture of the nucleus
and the nonrandomness of genomic neighborhoods suggest
that perturbations at many different levels could cause dys-
regulation of genomic neighborhoods. This would result in
altered spatial localization of chromatin within the nucleus
and ultimately predispose to diseases that could affect multi-
ple organ systems.

DEREGULATION OF GENOMIC ORGANIZATION
AND DISEASE

To date, most epigenetic research in human disease has
focused on the histone and DNA modifications occurring at
discrete gene loci. Increasingly, however, genome-wide al-
terations are being identified in human cancers and in rare
Mendelian disorders. These disorders affect gene expression
through disruption of higher order genomic organization, and

Current Genomics, 2009, Vol. 10, No. 1 67

we review a set of diseases illustrating this. We have
grouped the disorders in a hierarchy extending from three-
dimensional intramolecular positioning of chromosomes to
those resulting in molecular alterations of DNA across ge-
nomic neighborhoods.

Chromosomal Rearrangements: Disorders of Chromatin
Localization?

As reviewed above, several studies have suggested that
there are nuclear territories specific for each chromosome
within a given cell type [49, 100-104]. Additionally, studies
have shown that there are specific transcriptional regions or
neighborhoods within the nucleus [46, 105]. These two ob-
servations suggest that reciprocal translocation of chromo-
somal segments would alter gene expression by placing the
gene in a different transcriptional environment within the
nucleus. Thus, the pathology arising from the translocations
is not limited to disrupting genes, separating genes from cis
regulatory elements, or placing genes within a new cis chro-
matin environment [106-109] but could also arise by chang-
ing the position of a gene or group of genes relative to the
interchromosomal domain compartment and associated tran-
scription factors. To date, this model has not been exten-
sively investigated in somatic or germline human diseases
associated with chromosomal rearrangements and genome
instability.

Nuclear Envelopathies: Disorders of Nuclear Envelop
Integrity and Maintenance of Chromosomal and Inter-
chromosomal Domains?

The lamins and associated proteins constitute major
components of the nuclear lamina and are involved in main-
taining the integrity of the nuclear envelope [28], providing a
structural attachment point for chromatin [29], defining
DNA replication sites [28, 30-32], localizing nuclear bodies
[33], and mediating transcription [34-37]. Based on these
identified functions, disruption of the nuclear matrix would
impair the ability of chromatin to attach to the nuclear lam-
ina and thereby hinder the ability of a cell to define and to
maintain the domains necessary for appropriate gene expres-
sion and genomic stability. Mutations of nuclear lamina pro-
teins have been identified in many different diseases includ-
ing Emery-Dreifuss muscular dystrophy (OMIM #310300,
#181350, #604929), dilated cardiomyopathy (OMIM
#115200), Charcot-Marie-Tooth disease (OMIM #605588),
mandibuloacral dysplasia (OMIM #248370, #608612), Dun-
nigan-type familial partial lipodystrophy (OMIM #151660),
Hutchinson-Gilford progeria (OMIM #176670), atypical
Werner syndrome (OMIM #277700), Pelger-Huét anomaly
(OMIM #169400), Greenberg skeletal dysplasia (OMIM
#215140), restrictive dermopathy (OMIM #275210), melor-
heostosis (OMIM #155950), Buschke-Ollendorff syndrome
(OMIM #166700), and lipoatrophy with diabetes, hepatic
steatosis, hypertrophic cardiomyopathy, and leukomelano-
dermic papules (OMIM #608056) [110].

Given the role the nuclear lamina plays in regulating
transcription [34-37], we propose that disruption of the nu-
clear lamina might affect transcription by altering the nuclear
organization defining genomic neighborhoods. Consistent
with this hypothesis, studies of gene expression in mandibu-
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loacral dysplasia and Emery-Dreifuss muscular dystrophy
were consistent with a deregulation of gene expression at
multiple loci [111-113]. Therefore, superimposed on the
impaired DNA repair and nuclear envelope stability, altera-
tions in transcription help explain the pleiotropy, variable
penetrance, and variable expressivity of diseases associated
with mutant lamina proteins.

Schimke Immuno-Osseous Dysplasia: a Disorder of Ge-
nomic Neighborhood Establishment and Maintenance?

Mutations in SMARCAL1 (SWI/SNF-related, matrix-asso-
ciated, actin-dependent regulator of chromatin, subfamily A-
like 1) cause Schimke immuno-osseous dysplasia (SIOD;
OMIM 242900). SIOD is an autosomal recessive disorder of
T-cell immunodeficiency, spondyloepiphyseal dysplasia,
renal failure, hypothyroidism, episodic cerebral ischemia,
and bone marrow failure. Both clinical and cell culture stud-
ies suggest that functional SMARCAL1 protein is required
for the proliferation of many of the affected tissues [114-
116]. Consistent with its role as an annealing DNA helicase
[117], the SMARCAL1 protein binds nucleosomes and has
DNA-dependent, RNA-independent, ATPase activity [118,
119]. The SMARCAL1 protein is predominantly localized to
the open chromatin and loss of functional SMARCAL1 ap-
parently causes cell autonomous disease by altering chroma-
tin helical torsion [117, 120]. In SMARCAL1 mutant tissues,
transcription is altered across entire genomic neighborhoods
suggesting that SMARCALL is necessary either for the es-
tablishment or maintenance of transcriptional genomic
neighborhoods [Boerkoel, CF, and co-workers, unpublished
results].

Cornelia de Lange Syndrome: A Disorder of Cohesin-
Regulated Transcription?

Mutations in NIPBL (Nipped-B-Like) results in Cornelia
de Lange syndrome (CDLS: OMIM 122470). CDLS is an
autosomal dominant multisystem disease characterized by
distinctive facial features, growth retardation, hirsutism, up-
per limb reduction defects, cognitive impairment, and behav-
ioral abnormalities as well as other congenital malforma-
tions. In Saccharomyces cerevisiae, S. pombe and Xenopus,
the NIPBL homologues (Scc2, Mis4 and Xscc2), known col-
lectively as adherins, load the cohesin protein complex onto
chromosomes [121-125] and are required for sister chro-
matid cohesion. As described above, the Drosophila NIPBL
homologue, Nipped-B, is not only required for sister chro-
matid cohesion but also for facilitating enhancer-promoter
communication [97-99]. This latter observation suggests that
the pathology of CDLS is not only due to precocious sister
chromatid separation [126] but also due to aberrant transcrip-
tion. Since the cohesin complex binds approximately every
10kb along the S. cerevisiae and S. pombe interphase chro-
mosome [127, 128], impaired or errant localization of cohe-
sin complexes have the potential to profoundly affect RNA
transcription across large genomic regions.

Roberts Syndrome: A Disorder of Cohesin-Regulated
Transcription?

Mutations in ESCO2 (Establishment of Cohesion 2),
which encodes an acetyltransferase, has been shown to cause
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Roberts syndrome (RBS: OMIM 268300) and SC phocome-
lia (OMIM 269000). RBS is an autosomal recessive disease
characterized by hypomelia, growth deficiency, craniofacial
anomalies, microcephaly, and mental deficiency. Severely
affected infants may be stillborn or die shortly after birth. SC
phocomelia, a milder disorder, has less limb reduction and
includes flexion contractures, midfacial hemangioma, hy-
poplastic cartilage of ears and nose, scant silvery-blond hair,
and cloudy corneae. In S. cerevisiae, S. pombe, Drosophila
and H. sapiens, the ESCO2 homologues are required for sis-
ter chromatid cohesion [129-133] and are bound to chromo-
somes throughout the cell cycle [129, 130]. In addition to
affecting mitotic progression and ploidy [134], we hypothe-
size that, like Cornelia de Lange syndrome, mutations of
ESCO?2 could give rise to aberrant transcription across large
genomic regions and that this partially accounts for the pa-
thology of RBS and SC phocomelia.

Rubenstein Taybi syndrome: A Local or Global Disorder
of Histone Acetylation?

Mutations in CREBBP (cCAMP-responsive element bind-
ing protein (CREB) binding protein) and in EP300 (ela-
binding protein p300) cause Rubinstein Taybi syndrome
(RTS: OMIM 180849). RTS is an autosomal dominant dis-
order of growth retardation, facial abnormalities, broad
thumbs and toes, and mental retardation. As histone acety-
lases, CREBBP and EP300 promote the decondensation of
chromatin and interact with many transcription factors to
facilitate RNA transcription [135, 136]. More specifically,
CREBBP-mediated histone acetylation plays a role in synap-
tic plasticity, long term memory and in ameliorating neu-
ronal degeneration [137-140]. This can partially explain the
mental retardation seen in RTS, but the mechanisms by
which decreased CREBBP dosage causes malformations
remain obscure. If CREBBP and EP300 are generally in-
volved in facilitating the transcription of many or most
genes, then decreased dosage of CREBBP and EP300 could
globally impair the RNA transcription including that of ge-
nomic neighborhoods.

ICF Syndrome: A Global Disorder of DNA Methylation?

Mutations in DNMT3B (DNA methyltransferase 3B) cause
immunodeficiency-centromeric instability-facial anomalies
syndrome (ICF: OMIM 242860). ICF syndrome is an auto-
somal recessive disorder of genomic methylation that mainly
affects satellites 2 and 3 of constitutive heterochromatin,
although centromeric alpha satellites [141], Alu sequences
[142, 143], D4Z4 and NBL2 repeats [144], and certain im-
printed genes [145, 146] are also involved. In addition, the
inactive X chromosome (Xi), which consists of facultative
heterochromatin, is globally undermethylated although all
sequences are not equally affected in all patients [143, 147].
Interestingly, Xi CpG island demethylation is not accompa-
nied by significant biallelic transcriptional reactivation [142,
148], and consistent with this observation, histone modifica-
tions along the Xi are normal [149].

Although there has not been an extensive analysis of the
transcriptome of ICF patients, several considerations suggest
that the pathology of ICF may be partially caused by large-
scale transcriptional alterations: 1) genomic instability trans-
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locates chromosomal fragments to inappropriate chromo-
some territories; 2) loss of repetitive DNA methylation im-
pairs heterochromatin formation which is a key long-range
transcriptional regulator; and 3) methylation of repetitive
elements plays a key role in the regulation of chromatin
boundary elements that modulate transcription.

Rett Syndrome: A Disorder of Methylated DNA Recogni-
tion or of RNA Processing?

Mutations in MECP2 cause a spectrum of disorders in-
cluding Rett syndrome (OMIM 312750), neonatal-onset en-
cephalopathy, mental retardation, autism, and an Angelman-
like syndrome [150]. MECP2 binds methylated promoter
sites and recruits the mSinA/Histone Deacetylase (HDAC) 1,
2 corepressor complex [151]; this process mediates dynamic
repression of gene expression [152, 153]. These data and
transcriptome analyses suggest that the pathology associated
with MECP2 mutations results from inappropriate gene ex-
pression [154, 155]. Consistent with this hypothesis, some
patients with mutations in MECP2 exhibit histone H4 hy-
peracetylation [156] and dysregulation of alternative splicing
of some genes [157]. Thus loss of functional MECP2 ap-
pears to mediate widespread alterations in gene expression at
both the level of RNA transcription and mRNA processing.
If MECP2 were necessary to facilitate the interaction of
chromatin with the nuclear matrix, then such dysfunction
could arise through altered proximity of genes to the inter-
chromosomal domains as well as through defects in the abil-
ity to form heterochromatin.

Cancer: A Panoply of Disorders Affecting All Levels of
Genomic Organization?

Cancerous tissue and tumor-derived cell lines exhibit
errors at nearly all levels of nuclear organization including
chromosomal aberrations [158, 159], altered nucleosome
spacing [109], covalent histone modifications [160], and
DNA methylation [161]. Besides the established roles in loss
of heterozygosity for tumor suppressor genes and oncogene
activation, we propose that chromosomal rearrangements
might also play a role in cancer by altering the expression of
genes across large domains by relocating them to a different
chromosomal territory.

The cancer-associated ATP-dependent chromatin remod-
eling enzymes SMARCB1 (SWI/SNF-related, matrix-
associated, actin-dependent regulator of chromatin, subfam-
ily B, member 1) and BRG1 (brahma-related gene 1), and
BRM (brahma) regulate gene expression by altering nu-
cleosome spacing [162-166]. Transcriptome analyses of tu-
mors with dysfunction of SMARCB1, BRG1, and BRM will
clarify whether transcriptional changes globally affect ge-
nomic neighborhoods or are targeted to specific genes.

Abnormalities of global and targeted histone acetylation
occur in several human neoplasms. In acute promylelocytic
leukemia, acute lymphocytic leukemia, and non-Hodgkins
lymphoma, mutations of proteins that recruit HDACs to
DNA errantly activate and target interacting HDACs [162].
In several human cancers, this results in a reduction of over-
all histone acetylation [167]. In addition, histone acetylases
are deregulated in some human neoplasias; this dysregula-
tion plays a crucial role in tumor development and progres-
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sion [168-171]. Underscoring the role of histone acetylation
in cancer, HDAC inhibitors slow tumor cell proliferation and
induce differentiation. These changes are associated with
global affects on transcription [172, 173] and suggest that the
tumor phenotype results from the altered expression of many
genes.

Human tumor DNA is globally hypomethylated [174,
175]. Malignant cells can have 20%-60% less genomic 5-
methyl-cytosine than normal counterpart cells [175]. How-
ever, genomic hypomethylation does not associate with
overexpression of oncogenes. Rather three mechanisms have
been invoked for the contribution of global DNA hypometh-
ylation to carcinogenesis: chromosomal instability, reacti-
vation of transposable elements, and loss of imprinting [176-
179]. Each of these processes is involved in regulation of
chromatin structure and likely in defining transcriptional
genomic neighborhoods. Additionally, in contrast to the
global hypomethylation, CpG islands in the promoter regions
of many tumor suppressor genes undergo hypermethylation
in cancer cells leading to gene silencing [180, 181], and the
number of hypermethylated tumor suppressor genes in-
creases with the malignant potential [181-184]. Thus at the
level of DNA methylation, the cancer phenotype appears to
be a combination of global chromatin structural changes
through overall DNA hypomethylation and of targeted gene
inactivation through promoter hypermethylation.

GENOMIC ORGANIZATION AND NATURAL SE-
LECTION

The correlation of perturbed genomic neighborhoods
with disease suggests that they are functionally significant
and not purely coincidental. This hypothesis is also sup-
ported by several lines of evidence that these clusters arose
and are preserved by natural selection. First, co-expression
clusters contain fewer chromosomal breakpoints between
human and mouse than expected by chance [26]. Second,
highly co-expressed clusters of genes are phylogenetically
conserved between human and mouse and consist mainly of
nonparalogous genes [185, 186]. Third, comparison of the
human and chicken genomes shows that there is more link-
age retention among genes within clusters than outside of
clusters [21]. Fourth, analysis of coexpression of neighbor-
ing genes within the mouse and human genomes suggests
that there is coevolution of the pattern of expression in
neighboring genes [21]. Fifth, genes within conserved re-
gions of synteny between Drosophila melanogaster and
Drosophila pseudoobscura have highly correlated expres-
sion patterns [187].

CONCLUSIONS

Advances in our understanding of gene expression and
distribution in the genome make the supposition of random
gene order in eukaryotes increasingly untenable. Recent ad-
vances in nuclear biology have not only initiated novel views
of the role of genomic organization in gene expression regu-
lation but also new insights into the cause of disease.

The nonrandom organization of the genome into a series
of chromosomal blocks that are transcriptionally regulated
provides possible insight into some recent unexplained ob-
servations during development. For example, during differ-
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entiation of hematopoietic stem cells, particular chromoso-
mal regions are inactivated [188], and during differentiation
of non-neuronal tissues, specific chromosomal intervals are
transcriptionally down-regulated [189].

According to this model of genomic organization, the
pathophysiology underlying many diseases could arise as a
result of alterations in genomic organization causing quanti-
tative transcriptional disturbances. The cumulative effect of
these transcriptional disturbances or the confluence of aber-
rant transcription of several genes would then sufficiently
perturb homeostasis to predispose to or cause disease. Thus,
for the rare Mendelian disorders considered above, the
chromosomal aberration or mutant protein could effect the
disease phenotype by causing quantitative changes in gene
transcription through altering the nuclear localization or
structure of large chromatin domains. The variable expres-
sivity of many of these disorders reflects the quantitative
differences in transcription, and the phenotypic features can
be considered quantitative traits.

Considering the features of these rare Mendelian disor-
ders as quantitative traits provides a model for the variable
expressivity and pleiotropism; characteristics which cannot
be explained simply by dysregulation of a single pathway or
gene interaction network. It also explains why segregation of
gene mutations for these diseases frequently predispose to
rather than cause disease and why many features of these
diseases have genocopies. Lastly, since genomic neighbor-
hoods are likely regulated by both genetic and epigenetic
mechanisms, this model integrates both in the causation of
human diseases.

Viewing co-expression of clustered genes as a quantita-
tive trait also provides an explanation of why genomic
neighborhoods would be a substrate for and not only a prod-
uct of natural selection. In contrast to strong single gene mu-
tations that result in dramatic changes in fitness, alterations
in expression of genes, and likely gene clusters, allow grad-
ual and persistent selection of offspring that are more fit than
their parents [190]. Moreover, since mRNA levels for many
genes are heritable [191], gene expression and co-expressed
gene clusters could be the subject of selection over many
generations.

In this context, the features of these rare Mendelian dis-
orders provide a novel method for modeling and studying
quantitative traits and multifactorial disorders. Such disor-
ders include mental retardation, diabetes, hypertension, athe-
rosclerosis, vascular cognitive impairment, and Metabolic
Syndrome (type 2 diabetes, cardiovascular disease, and hy-
pertension). Schimke immuno-osseous dysplasia (SIOD)
nicely illustrates this for atherosclerosis and vascular cogni-
tive impairment. Approximately half of SIOD patients de-
velop vascular cognitive impairment secondary to athero-
sclerosis. Since mutations of SMARCAL1 alter transcription
across chromatin domains containing many genes with al-
tered transcription in atherosclerotic plaques, we hypothesize
that the confluence of these multiple transcriptional changes
predisposes to atherosclerosis. However, the degree of pre-
disposition is dependent on the level of transcriptional altera-
tion, and the development of atherosclerosis results from the
interaction of these transcriptional changes with environ-
mental, genetic, and epigenetic factors. Therefore as a model
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for generic atherosclerosis, the regions of altered transcrip-
tion in SIOD are quantitative trait loci for atherosclerosis.
Intersection of these loci with genetically identified disease
loci further delineate the genes and pathways contributing
not only to rare Mendelian disorders but also gives insight
into the pathomechanism of complex diseases.

FUTURE DIRECTIONS

Defining better the selective pressure for and on genomic
neighborhoods and determining whether transcriptional al-
terations of these are a common cause of complex disorders
requires further testing. These future studies will provide an
exciting opportunity to define the heritable epigenetic varia-
tion contributing to complex diseases and address many of
the questions regarding the contribution of epigenetic varia-
tion to quantitative traits. Additionally, these studies will
allow investigators to clarify whether the increasing inci-
dences of diseases such as asthma, Metabolic Syndrome, and
some neoplasias are due in part from increasing environ-
mental influences on epigenetic traits. Answering these ques-
tions is essential for defining the contribution of genomic
organization in human disease.

ACKNOWLEDGEMENTS

The authors thank Clara Myung, Marie Morimoto, and
Drs. Keith McLarren, Alireza Baradaran-Heravi, Michael
Kobor, Jennifer Northrop and Millan Patel for critical review
of this manuscript. This work was supported in part by a
Ruth L. Kirschstein National Research Service Award
(L.I.LE.) and grants from the March of Dimes (C.F.B.), the
Gillson Longenbaugh Foundation (C.F.B.), the Dana Foun-
dation (C.F.B) and the New Development Award, Micros-
copy, and Administrative Cores of the Mental Retardation
and Developmental Disabilities Research Center at Baylor
College of Medicine (C.F.B.), the Burroughs Wellcome
Foundation (C.F.B.), the National Institute of Diabetes, Di-
gestive, and Kidney Diseases, NIH (C.F.B.), and the Asso-
ciation Autour D’Emeric et D’ Anthony (C.F.B.).

REFERENCES

[1] Jiang, Y.H., Bressler, J., Beaudet, A.L. Epigenetics and human
disease. Annu Rev Genomics Hum Genet. 2004, 5: 479-510.

[2] Boutanaev, A.M., Kalmykova, A.l., Shevelyov, Y.Y., Nurminsky,
D.l. Large clusters of co-expressed genes in the Drosophila ge-
nome. Nature 2002, 420: 666-669.

[3] Caron, H., van Schaik, B., van der Mee, M., Baas, F., Riggins, G.,
van Sluis, P., Hermus, M.C., van Asperen, R., Boon, K., Voute,
P.A., Heisterkamp, S., van Kampen, A., Versteeg, R. The human
transcriptome map: clustering of highly expressed genes in chro-
mosomal domains. Science 2001, 291: 1289-1292.

[4] Cho, R.J., Campbell, M.J., Winzeler, E.A., Steinmetz, L., Conway,
A., Wodicka, L., Wolfsberg, T.G., Gabrielian, A.E., Landsman, D.,
Lockhart, D.J., Davis, R.W. A genome-wide transcriptional analy-
sis of the mitotic cell cycle. Mol. Cell. 1998, 2: 65-73.

[5] Lercher, M.J., Blumenthal, T., Hurst, L.D. Coexpression of neigh-
boring genes in Caenorhabditis elegans is mostly due to operons
and duplicate genes. Genome Res. 2003, 13: 238-243.

[6] Li, Q., Lee, B.T., Zhang, L. Genome-scale analysis of positional
clustering of mouse testis-specific genes. BMC Genomics 2005, 6:
7.

[7] Miller, M.A., Cutter, A.D., Yamamoto, |., Ward, S., Greenstein, D.
Clustered organization of reproductive genes in the C. elegans ge-
nome. Curr. Biol. 2004, 14: 1284-1290.

[8] Paillisson, A., Dade, S., Callebaut, 1., Bontoux, M., Dalbies-Tran,
R., Vaiman, D., Monget, P. Identification, characterization and me-



Gene Clusters, Molecular Evolution and Disease

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

tagenome analysis of oocyte-specific genes organized in clusters in
the mouse genome. BMC Genomics 2005, 6: 76.

Roy, P.J., Stuart, J.M., Lund, J., Kim, S.K. Chromosomal cluster-
ing of muscle-expressed genes in Caenorhabditis elegans. Nature
2002, 418: 975-979.

Spellman, P.T., Rubin, G.M. Evidence for large domains of simi-
larly expressed genes in the Drosophila genome. J. Biol. 2002, 1: 5.
Deschamps, J., van den Akker, E., Forlani, S., De Graaff, W.,
Oosterveen, T., Roelen, B., Roelfsema, J. Initiation, establishment
and maintenance of Hox gene expression patterns in the mouse. Int.
J. Dev. Biol. 1999, 43: 635-650.

Fukuoka, Y., Inaoka, H., Kohane, I.S. Inter-species differences of
co-expression of neighboring genes in eukaryotic genomes. BMC
Genomics 2004, 5: 4.

Lee, J.M., Sonnhammer, E.L. Genomic gene clustering analysis of
pathways in eukaryotes. Genome Res. 2003, 13: 875-882.

Lercher, M.J., Urrutia, A.O., Hurst, L.D. Clustering of housekeep-
ing genes provides a unified model of gene order in the human ge-
nome. Nat. Genet. 2002, 31: 180-183.

Yager, T.D., Dempsey, A.A., Tang, H., Stamatiou, D., Chao, S.,
Marshall, K.W., Liew, C.C. First comprehensive mapping of carti-
lage transcripts to the human genome. Genomics 2004, 84: 524-
535.

Cohen, B.A., Mitra, R.D., Hughes, J.D., Church, G.M. A computa-
tional analysis of whole-genome expression data reveals chromo-
somal domains of gene expression. Nat. Genet. 2000, 26: 183-186.
Zorio, D.A., Cheng, N.N., Blumenthal, T., Spieth, J. Operons as a
common form of chromosomal organization in C. elegans. Nature
1994, 372: 270-272.

Versteeg, R., van Schaik, B.D., van Batenburg, M.F., Roos, M.,
Monajemi, R., Caron, H., Bussemaker, H.J., van Kampen, A.H.
The human transcriptome map reveals extremes in gene density, in-
tron length, GC content, and repeat pattern for domains of highly
and weakly expressed genes. Genome Res. 2003, 13: 1998-2004.
Lercher, M.J., Urrutia, A.O., Pavlicek, A., Hurst, L.D. A unifica-
tion of mosaic structures in the human genome. Hum. Mol. Genet.
2003, 12: 2411-2415.

Li, H., Liu, Y., Shin, S., Sun, Y., Loring, J.F., Mattson, M.P., Rao,
M.S., Zhan, M. Transcriptome coexpression map of human embry-
onic stem cells. BMC Genomics 2006, 7: 103.

Semon, M., Duret, L. Evolutionary origin and maintenance of
coexpressed gene clusters in mammals. Mol. Biol. Evol. 2006, 23:
1715-1723.

Michalak, P. Coexpression, coregulation, and cofunctionality of
neighboring genes in eukaryotic genomes. Genomics 2008, 91:
243-248.

Hurst, L.D., Pal, C., Lercher, M.J. The evolutionary dynamics of
eukaryotic gene order. Nat. Rev. Genet. 2004, 5: 299-310.

Hurst, L.D., Williams, E.J., Pal, C. Natural selection promotes the
conservation of linkage of co-expressed genes. Trends Genet. 2002,
18: 604-606.

Pal, C., Hurst, L.D. Evidence for co-evolution of gene order and
recombination rate. Nat. Genet. 2003, 33: 392-395.

Singer, G.A., Lloyd, A.T., Huminiecki, L.B., Wolfe, K.H. Clusters
of co-expressed genes in mammalian genomes are conserved by
natural selection. Mol. Biol. Evol. 2005, 22: 767-775.

Oliver, B., Parisi, M., Clark, D. Gene expression neighborhoods. J.
Biol. 2002, 1: 4.

Goldman, R.D., Gruenbaum, Y., Moir, R.D., Shumaker, D.K.,
Spann, T.P. Nuclear lamins: building blocks of nuclear architec-
ture. Genes Dev. 2002, 16: 533-547.

Gant, T.M., Harris, C.A., Wilson, K.L. Roles of LAP2 proteins in
nuclear assembly and DNA replication: truncated LAP2beta pro-
teins alter lamina assembly, envelope formation, nuclear size, and
DNA replication efficiency in Xenopus laevis extracts. J. Cell Biol.
1999, 144: 1083-1096.

Gruenbaum, Y., Goldman, R.D., Meyuhas, R., Mills, E., Margalit,
A., Fridkin, A., Dayani, Y., Prokocimer, M., Enosh, A. The nuclear
lamina and its functions in the nucleus. Int. Rev. Cytol. 2003, 226:
1-62.

Jenkins, H., Whitfield, W.G., Goldberg, M.W., Allen, T.D.,
Hutchison, C.J. Evidence for the direct involvement of lamins in
the assembly of a replication competent nucleus. Acta Biochim.
Pol. 1995, 42: 133-143.

Martins, S., Eikvar, S., Furukawa, K., Collas, P. HA95 and LAP2
beta mediate a novel chromatin-nuclear envelope interaction impli-

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]
[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Current Genomics, 2009, Vol. 10, No. 1 71

cated in initiation of DNA replication. J. Cell Biol. 2003, 160: 177-
188.

Jagatheesan, G., Thanumalayan, S., Muralikrishna, B., Rangaraj,
N., Karande, A.A., Parnaik, V.K. Colocalization of intranuclear
lamin foci with RNA splicing factors. J. Cell Sci. 1999, 112(Pt 24):
4651-4661.

Haraguchi, T., Holaska, J.M., Yamane, M., Koujin, T., Hashiguchi,
N., Mori, C., Wilson, K.L., Hiraoka, Y. Emerin binding to Btf, a
death-promoting transcriptional repressor, is disrupted by a mis-
sense mutation that causes Emery-Dreifuss muscular dystrophy.
Eur. J. Biochem. 2004, 271: 1035-1045.

Nili, E., Cojocaru, G.S., Kalma, Y., Ginsberg, D., Copeland, N.G.,
Gilbert, D.J., Jenkins, N.A., Berger, R., Shaklai, S., Amariglio, N.,
Brok-Simoni, F., Simon, A.J., Rechavi, G. Nuclear membrane pro-
tein LAP2beta mediates transcriptional repression alone and to-
gether with its binding partner GCL (germ-cell-less). J. Cell Sci.
2001, 114: 3297-3307.

Spann, T.P., Goldman, A.E., Wang, C., Huang, S., Goldman, R.D.
Alteration of nuclear lamin organization inhibits RNA polymerase
I1-dependent transcription. J. Cell Biol. 2002, 156: 603-608.
Wilkinson, F.L., Holaska, J.M., Zhang, Z., Sharma, A., Manilal, S.,
Holt, 1., Stamm, S., Wilson, K.L., Morris, G.E. Emerin interacts in
vitro with the splicing-associated factor, YT521-B. Eur. J. Bio-
chem. 2003, 270: 2459-2466.

Clements, L., Manilal, S., Love, D.R., Morris, G.E. Direct interac-
tion between emerin and lamin A. Biochem. Biophys. Res. Com-
mun. 2000, 267: 709-714.

Holaska, J.M., Kowalski, A.K., Wilson, K.L. Emerin caps the
pointed end of actin filaments: evidence for an actin cortical net-
work at the nuclear inner membrane. PLoS Biol. 2004, 2: E231.
Holaska, J.M., Lee, K.K., Kowalski, A.K., Wilson, K.L. Transcrip-
tional repressor germ cell-less (GCL) and barrier to autointegration
factor (BAF) compete for binding to emerin in vitro. J. Biol. Chem.
2003, 278: 6969-6975.

Lee, K.K., Haraguchi, T., Lee, R.S., Koujin, T., Hiraoka, Y., Wil-
son, K.L. Distinct functional domains in emerin bind lamin A and
DNA-bridging protein BAF. J. Cell Sci. 2001, 114: 4567-4573.
Rabl, C. Uber Zelltheilung. Morphol. Jarbuch. 1885, 10: 214-330.
Heitz, E. Heterochromatin der Moose |I. Jahrb Wiss Bot. 1928, 69:
762-818.

Lichter, P., Cremer, T., Borden, J., Manuelidis, L., Ward, D.C.
Delineation of individual human chromosomes in metaphase and
interphase cells by in situ suppression hybridization using recombi-
nant DNA libraries. Hum. Genet. 1988, 80: 224-234.

Pinkel, D., Landegent, J., Collins, C., Fuscoe, J., Segraves, R.,
Lucas, J., Gray, J. Fluorescence in situ hybridization with human
chromosome-specific libraries: detection of trisomy 21 and translo-
cations of chromosome 4. Proc. Natl. Acad. Sci. USA 1988, 85:
9138-9142.

Cremer, T., Cremer, C. Chromosome territories, nuclear architec-
ture and gene regulation in mammalian cells. Nat. Rev. Genet.
2001, 2: 292-301.

Bischoff, A., Albers, J., Kharboush, I., Stelzer, E., Cremer, T.,
Cremer, C. Differences of size and shape of active and inactive X-
chromosome domains in human amniotic fluid cell nuclei. Microsc.
Res. Tech. 1993, 25: 68-77.

Cremer, T., Lichter, P., Borden, J., Ward, D.C., Manuelidis, L.
Detection of chromosome aberrations in metaphase and interphase
tumor cells by in situ hybridization using chromosome-specific li-
brary probes. Hum. Genet. 1988, 80: 235-246.

Parada, L., Misteli, T. Chromosome positioning in the interphase
nucleus. Trends Cell Biol. 2002, 12: 425-432.

Bridger, J.M., Boyle, S., Kill, I.R., Bickmore, W.A. Re-modelling
of nuclear architecture in quiescent and senescent human fibro-
blasts. Curr. Biol. 2000, 10: 149-152.

Habermann, F.A., Cremer, M., Walter, J., Kreth, G., von Hase, J.,
Bauer, K., Wienberg, J., Cremer, C., Cremer, T., Solovei, I. Ar-
rangements of macro- and microchromosomes in chicken cells.
Chromosome Res. 2001, 9: 569-584.

Kozubek, S., Lukasova, E., Jirsova, P., Koutna, I., Kozubek, M.,
Ganova, A., Bartova, E., Falk, M., Pasekova, R. 3D Structure of the
human genome: order in randomness. Chromosoma 2002, 111:
321-331.

Tanabe, H., Muller, S., Neusser, M., von Hase, J., Calcagno, E.,
Cremer, M., Solovei, 1., Cremer, C., Cremer, T. Evolutionary con-



72 Current Genomics, 2009, Vol. 10, No. 1

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

servation of chromosome territory arrangements in cell nuclei from
higher primates. Proc. Natl. Acad. Sci. USA 2002, 99: 4424-4429.
Mahy, N.L., Perry, P.E., Bickmore, W.A. Gene density and tran-
scription influence the localization of chromatin outside of chromo-
some territories detectable by FISH. J. Cell Biol. 2002, 159: 753-
763.

Mahy, N.L., Perry, P.E., Gilchrist, S., Baldock, R.A., Bickmore,
W.A. Spatial organization of active and inactive genes and noncod-
ing DNA within chromosome territories. J. Cell Biol. 2002, 157:
579-589.

Rieger, R., Michaelis, A., Schubert, I., Meister, A. Somatic inter-
phase pairing of Vicia chromosomes as inferred from the hom/het
ratio of induced chromatid interchanges. Mutat. Res. 1973, 20: 295-
298.

Csink, A.K., Henikoff, S. Large-scale chromosomal movements
during interphase progression in Drosophila. J. Cell Biol. 1998,
143: 13-22.

Fung, J.C., Marshall, W.F., Dernburg, A., Agard, D.A., Sedat, J.W.
Homologous chromosome pairing in Drosophila melanogaster pro-
ceeds through multiple independent initiations. J. Cell Biol. 1998,
141: 5-20.

Hiraoka, Y., Dernburg, A.F., Parmelee, S.J., Rykowski, M.C.,
Agard, D.A., Sedat, JW. The onset of homologous chromosome
pairing during Drosophila melanogaster embryogenesis. J. Cell
Biol. 1993, 120: 591-600.

Chandley, A.C., Speed, R.M., Leitch, A.R. Different distributions
of homologous chromosomes in adult human Sertoli cells and in
lymphocytes signify nuclear differentiation. J. Cell Sci. 1996, 109
(Pt 4): 773-776.

Nagele, R.G., Freeman, T., McMorrow, L., Thomson, Z., Kitson-
Wind, K., Lee, H. Chromosomes exhibit preferential positioning in
nuclei of quiescent human cells. J. Cell Sci. 1999, 112(Pt 4): 525-
535.

Bickmore, W.A., Chubb, J.R. Dispatch. Chromosome position:
now, where was |1? Curr. Biol. 2003, 13: R357-359.

Gerlich, D., Beaudouin, J., Kalbfuss, B., Daigle, N., Eils, R., Ellen-
berg, J. Global chromosome positions are transmitted through mi-
tosis in mammalian cells. Cell 2003, 112: 751-764.

Parada, L.A., Roix, JJ., Misteli, T. An uncertainty principle in
chromosome positioning. Trends Cell Biol. 2003, 13: 393-396.
Walter, J., Schermelleh, L., Cremer, M., Tashiro, S., Cremer, T.
Chromosome order in HeLa cells changes during mitosis and early
G1, but is stably maintained during subsequent interphase stages. J.
Cell Biol. 2003, 160: 685-697.

Williams, R.R., Fisher, A.G. Chromosomes, positions please! Nat.
Cell Biol. 2003, 5: 388-390.

Visser, A.E., Jaunin, F., Fakan, S., Aten, J.A. High resolution
analysis of interphase chromosome domains. J. Cell Sci. 2000, 113
(Pt 14): 2585-2593.

Dehghani, H., Dellaire, G., Bazett-Jones, D.P. Organization of
chromatin in the interphase mammalian cell. Micron. 2005, 36: 95-
108.

Bridger, J.M., Herrmann, H., Munkel, C., Lichter, P. ldentification
of an interchromosomal compartment by polymerization of nu-
clear-targeted vimentin. J. Cell Sci. 1998, 111(Pt 9): 1241-1253.
Reichenzeller, M., Burzlaff, A., Lichter, P., Herrmann, H. In vivo
observation of a nuclear channel-like system: evidence for a dis-
tinct interchromosomal domain compartment in interphase cells. J.
Struct. Biol. 2000, 129: 175-185.

Cremer, T., Kurz, A, Zirbel, R., Dietzel, S., Rinke, B., Schrock, E.,
Speicher, M.R., Mathieu, U., Jauch, A., Emmerich, P., Scherthan,
H., Ried, T., Cremer, C., Lichter, P. Role of chromosome territories
in the functional compartmentalization of the cell nucleus. Cold
Spring Harb. Symp. Quant. Biol. 1993, 58: 777-792.

Zirbel, R.M., Mathieu, U.R., Kurz, A., Cremer, T., Lichter, P.
Evidence for a nuclear compartment of transcription and splicing
located at chromosome domain boundaries. Chromosome Res.
1993, 1: 93-106.

Clemson, C.M., Lawrence, J.B. Multifunctional compartments in
the nucleus: insights from DNA and RNA localization. J. Cell Bio-
chem. 1996, 62: 181-190.

Lampel, S., Bridger, J.M., Zirbel, R.M., Mathieu, U.R., Lichter, P.
Nuclear RNA accumulations contain released transcripts and ex-
hibit specific distributions with respect to Sm antigen foci. DNA
Cell Biol. 1997, 16: 1133-1142.

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

(88]

[89]

[90]
[91]

[92]

[93]

[94]

[95]

Elizondo et al.

Xing, Y., Johnson, C.V., Moen, P.T., Jr., McNeil, J.A., Lawrence,
J. Nonrandom gene organization: structural arrangements of spe-
cific pre-mRNA transcription and splicing with SC-35 domains. J.
Cell Biol. 1995, 131: 1635-1647.

Dietzel, S., Schiebel, K., Little, G., Edelmann, P., Rappold, G.A.,
Eils, R., Cremer, C., Cremer, T. The 3D positioning of ANT2 and
ANT3 genes within female X chromosome territories correlates
with gene activity. Exp. Cell Res. 1999, 252: 363-375.

Kurz, A., Lampel, S., Nickolenko, J.E., Bradl, J., Benner, A., Zir-
bel, R.M., Cremer, T., Lichter, P. Active and inactive genes local-
ize preferentially in the periphery of chromosome territories. J. Cell
Biol. 1996, 135: 1195-1205.

Scheuermann, M.O., Tajbakhsh, J., Kurz, A., Saracoglu, K., Eils,
R., Lichter, P. Topology of genes and nontranscribed sequences in
human interphase nuclei. Exp. Cell Res. 2004, 301: 266-279.

Volpi, E.V., Chevret, E., Jones, T., Vatcheva, R., Williamson, J.,
Beck, S., Campbell, R.D., Goldsworthy, M., Powis, S.H., Ragous-
sis, J., Trowsdale, J., Sheer, D. Large-scale chromatin organization
of the major histocompatibility complex and other regions of hu-
man chromosome 6 and its response to interferon in interphase nu-
clei. J. Cell Sci. 2000, 113(Pt 9): 1565-1576.

Williams, R.R., Broad, S., Sheer, D., Ragoussis, J. Subchromoso-
mal positioning of the epidermal differentiation complex (EDC) in
keratinocyte and lymphoblast interphase nuclei. Exp. Cell Res.
2002, 272: 163-175.

Osborne, C.S., Chakalova, L., Brown, K.E., Carter, D., Horton, A.,
Debrand, E., Goyenechea, B., Mitchell, J.A., Lopes, S., Reik, W.,
Fraser, P. Active genes dynamically colocalize to shared sites of
ongoing transcription. Nat. Genet. 2004, 36: 1065-1071.

Shopland, L.S., Johnson, C.V., Byron, M., McNeil, J., Lawrence,
J.B. Clustering of multiple specific genes and gene-rich R-bands
around SC-35 domains: evidence for local euchromatic neighbor-
hoods. J. Cell Biol. 2003, 162: 981-990.

Capelson, M., Corces, V.G. Boundary elements and nuclear orga-
nization. Biol. Cell. 2004, 96: 617-629.

Felsenfeld, G., Burgess-Beusse, B., Farrell, C., Gaszner, M., Ghir-
lando, R., Huang, S., Jin, C., Litt, M., Magdinier, F., Mutskov, V.,
Nakatani, Y., Tagami, H., West, A., Yusufzai, T. Chromatin
boundaries and chromatin domains. Cold Spring Harb. Symp.
Quant. Biol. 2004, 69: 245-250.

Wei, G.H., Liu de, P., Liang, C.C. Chromatin domain boundaries:
insulators and beyond. Cell Res. 2005, 15: 292-300.

Byrd, K., Corces, V.G. Visualization of chromatin domains created
by the gypsy insulator of Drosophila. J. Cell Biol. 2003, 162: 565-
574.

Melnikova, L., Juge, F., Gruzdeva, N., Mazur, A., Cavalli, G.,
Georgiev, P. Interaction between the GAGA factor and Mod(mdg4)
proteins promotes insulator bypass in Drosophila. Proc. Natl. Acad.
Sci. USA 2004, 101: 14806-14811.

Nabirochkin, S., Ossokina, M., Heidmann, T. A nuclear ma-
trix/scaffold attachment region co-localizes with the gypsy retro-
transposon insulator sequence. J. Biol. Chem. 1998, 273: 2473-
2479.

Pai, C.Y., Lei, E.P., Ghosh, D., Corces, V.G. The centrosomal
protein CP190 is a component of the gypsy chromatin insulator.
Mol. Cell 2004, 16: 737-748.

Gaszner, M., Felsenfeld, G. Insulators: exploiting transcriptional
and epigenetic mechanisms. Nat. Rev. Genet. 2006, 7: 703-713.
West, A.G., Fraser, P. Remote control of gene transcription. Hum.
Mol. Genet. 2005, 14 Spec No 1: R101-111.

Recillas-Targa, F., Pikaart, M.J., Burgess-Beusse, B., Bell, A.C.,
Litt, M.D., West, A.G., Gaszner, M., Felsenfeld, G. Position-effect
protection and enhancer blocking by the chicken beta-globin insu-
lator are separable activities. Proc. Natl. Acad. Sci. USA 2002, 99:
6883-6888.

Dunn, K.L., Zhao, H., Davie, J.R. The insulator binding protein
CTCF associates with the nuclear matrix. Exp. Cell. Res. 2003,
288: 218-223.

Yusufzai, T.M., Felsenfeld, G. The 5'-HS4 chicken beta-globin
insulator is a CTCF-dependent nuclear matrix-associated element.
Proc. Natl. Acad. Sci. USA 2004, 101: 8620-8624.

Yusufzai, T.M., Tagami, H., Nakatani, Y., Felsenfeld, G. CTCF
tethers an insulator to subnuclear sites, suggesting shared insulator
mechanisms across species. Mol. Cell 2004, 13: 291-298.



Gene Clusters, Molecular Evolution and Disease

[96]

[97]

[98]

[99]

[100]

[101]

[102]
[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

Michaelis, C., Ciosk, R., Nasmyth, K. Cohesins: chromosomal
proteins that prevent premature separation of sister chromatids.
Cell 1997, 91: 35-45.

Dorsett, D., Eissenberg, J.C., Misulovin, Z., Martens, A., Redding,
B., McKim, K. Effects of sister chromatid cohesion proteins on cut
gene expression during wing development in Drosophila. Devel-
opment 2005, 132: 4743-4753.

Rollins, R.A., Korom, M., Aulner, N., Martens, A., Dorsett, D.
Drosophila nipped-B protein supports sister chromatid cohesion
and opposes the stromalin/Scc3 cohesion factor to facilitate long-
range activation of the cut gene. Mol. Cell Biol. 2004, 24: 3100-
3111.

Rollins, R.A., Morcillo, P., Dorsett, D. Nipped-B, a Drosophila
homologue of chromosomal adherins, participates in activation by
remote enhancers in the cut and Ultrabithorax genes. Genetics
1999, 152: 577-593.

Cremer, M., von Hase, J., Volm, T., Brero, A., Kreth, G., Walter,
J., Fischer, C., Solovei, I., Cremer, C., Cremer, T. Non-random ra-
dial higher-order chromatin arrangements in nuclei of diploid hu-
man cells. Chromosome Res. 2001, 9: 541-567.

Croft, J.A., Bridger, J.M., Boyle, S., Perry, P., Teague, P., Bick-
more, W.A. Differences in the localization and morphology of
chromosomes in the human nucleus. J. Cell Biol. 1999, 145: 1119-
1131.

LaSalle, J.M., Lalande, M. Homologous association of oppositely
imprinted chromosomal domains. Science 1996, 272: 725-728.
Parada, L.A., McQueen, P.G., Misteli, T. Tissue-specific spatial
organization of genomes. Genome Biol. 2004, 5: R44.

Parada, L.A., McQueen, P.G., Munson, P.J., Misteli, T. Conserva-
tion of relative chromosome positioning in normal and cancer cells.
Curr. Biol. 2002, 12: 1692-1697.

Misteli, T. Concepts in nuclear architecture. Bioessays 2005, 27:
477-487.

Kleinjan, D.A., van Heyningen, V. Long-range control of gene
expression: emerging mechanisms and disruption in disease. Am. J.
Hum. Genet. 2005, 76: 8-32.

Tufarelli, C., Stanley, J.A., Garrick, D., Sharpe, J.A., Ayyub, H.,
Wood, W.G., Higgs, D.R. Transcription of antisense RNA leading
to gene silencing and methylation as a novel cause of human ge-
netic disease. Nat. Genet. 2003, 34: 157-165.

Bickmore, W.A., van der Maarel, S.M. Perturbations of chromatin
structure in human genetic disease: recent advances. Hum. Mol.
Genet. 2003, 12 Spec No 2: R207-213.

Cho, K.S., Elizondo, L.I., Boerkoel, C.F. Advances in chromatin
remodeling and human disease. Curr. Opin. Genet. Dev. 2004, 14:
308-315.

Somech, R., Shaklai, S., Amariglio, N., Rechavi, G., Simon, A.J.
Nuclear envelopathies--raising the nuclear veil. Pediatr. Res. 2005,
57: 8R-15R.

Amati, F., Biancolella, M., D'Apice, M.R., Gambardella, S.,
Mango, R., Shraccia, P., D'Adamo, M., Margiotti, K., Nardone, A.,
Lewis, M., Novelli, G. Gene expression profiling of fibroblasts
from a human progeroid disease (mandibuloacral dysplasia, MAD
#248370) through cDNA microarrays. Gene Expr. 2004, 12: 39-47.
Tsukahara, T., Arahata, K. A comparative gene expression analysis
of Emery-Dreifuss muscular dystrophy using a cDNA microarray.
Methods Mol. Biol. 2003, 217: 253-262.

Tsukahara, T., Tsujino, S., Arahata, K. CDNA microarray analysis
of gene expression in fibroblasts of patients with X-linked Emery-
Dreifuss muscular dystrophy. Muscle Nerve. 2002, 25: 898-901.
Boerkoel, C.F., Takashima, H., John, J., Yan, J., Stankiewicz, P.,
Rosenbarker, L., Andre, J.L., Bogdanovic, R., Burguet, A., Cock-
field, S., Cordeiro, 1., Frund, S., lllies, F., Joseph, M., Kaitila, I.,
Lama, G., Loirat, C., McLeod, D.R., Milford, D.V., Petty, E.M.,
Rodrigo, F., Saraiva, J.M., Schmidt, B., Smith, G.C., Spranger, J.,
Stein, A., Thiele, H., Tizard, J., Weksberg, R., Lupski, J.R.,
Stockton, D.W. Mutant chromatin remodeling protein SMARCAL1
causes Schimke immuno-osseous dysplasia. Nat. Genet. 2002, 30:
215-220.

Clewing, J.M., Antalfy, B.C., Liicke, T., Najafian, B., Marwedel,
K.M., Hori, A., Powel, R.M., Safo Do, A.F., Najera, L., SantaCruz,
K., Hicks, M.J., Armstrong, D.L., Boerkoel, C.F. Schimke im-
muno-osseous dysplasia: a clinicopathological correlation. J. Med.
Genet. 2007, 44: 122-130.

Deguchi, K., Clewing, J.M., Elizondo, L.1., Hirano, R., Huang, C.,
Choi, K., Sloan, E.A., Lucke, T., Marwedel, K.M., Powell, R.D.,

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

Current Genomics, 2009, Vol. 10, No. 1 73

Jr., Santa Cruz, K., Willaime-Morawek, S., Inoue, K., Lou, S.,
Northrop, J.L., Kanemura, Y., van der Kooy, D., Okano, H., Arm-
strong, D.L., Boerkoel, C.F. Neurologic phenotype of Schimke
immuno-osseous dysplasia and neurodevelopmental expression of
SMARCALL1. J. Neuropathol. Exp. Neurol. 2008, 67: 565-577.
Yusufzai, T., Kadonaga, J.T. HARP is an ATP-driven annealing
helicase. Science 2008, 322: 748-750.

Coleman, M.A., Eisen, J.A., Mohrenweiser, H.W. Cloning and
characterization of HARP/SMARCALL: a prokaryotic HepA-
related SNF2 helicase protein from human and mouse. Genomics
2000, 65: 274-282.

Coleman, M.A., Miller, K.A., Beernink, P.T., Yoshikawa, D.M.,
Albala, J.S. Identification of chromatin-related protein interactions
using protein microarrays. Proteomics 2003, 3: 2101-2107.
Elizondo, L.I., Cho, K.S., Zhang, W., Yan, J., Huang, C., Huang,
Y., Choi, K., Sloan, E., Deguchi, K., Lou, S., Baradaran-Heravi,
A., Takashima, H., Yan, J., Boerkoel, C.F. Schimke immuno-
osseous dysplasia: SMARCAL1 loss-of-function and phenotypic
correlation. J. Med. Genet. 2008, In press.

Ciosk, R., Shirayama, M., Shevchenko, A., Tanaka, T., Toth, A,
Shevchenko, A., Nasmyth, K. Cohesin's binding to chromosomes
depends on a separate complex consisting of Scc2 and Scc4 pro-
teins. Mol. Cell 2000, 5: 243-254.

Dorsett, D. Adherin: key to the cohesin ring and cornelia de Lange
syndrome. Curr. Biol. 2004, 14: R834-836.

Gillespie, P.J., Hirano, T. Scc2 couples replication licensing to
sister chromatid cohesion in Xenopus egg extracts. Curr. Biol.
2004, 14: 1598-1603.

Takahashi, T.S., Yiu, P., Chou, M.F., Gygi, S., Walter, J.C. Re-
cruitment of Xenopus Scc2 and cohesin to chromatin requires the
pre-replication complex. Nat. Cell Biol. 2004, 6: 991-996.
Tomonaga, T., Nagao, K., Kawasaki, Y., Furuya, K., Murakami,
A., Morishita, J., Yuasa, T., Sutani, T., Kearsey, S.E., Uhlmann, F.,
Nasmyth, K., Yanagida, M. Characterization of fission yeast cohe-
sin: essential anaphase proteolysis of Rad21 phosphorylated in the
S phase. Genes Dev. 2000, 14: 2757-2770.

Kaur, M., DeScipio, C., McCallum, J., Yaeger, D., Devoto, M.,
Jackson, L.G., Spinner, N.B., Krantz, I.D. Precocious sister chro-
matid separation (PSCS) in Cornelia de Lange syndrome. Am. J.
Med. Genet. A. 2005, 138: 27-31.

Blat, Y., Kleckner, N. Cohesins bind to preferential sites along
yeast chromosome 11, with differential regulation along arms ver-
sus the centric region. Cell 1999, 98: 249-259.

Tanaka, T., Cosma, M.P., Wirth, K., Nasmyth, K. Identification of
cohesin association sites at centromeres and along chromosome
arms. Cell 1999, 98: 847-858.

Skibbens, R.V., Corson, L.B., Koshland, D., Hieter, P. Ctf7p is
essential for sister chromatid cohesion and links mitotic chromo-
some structure to the DNA replication machinery. Genes Dev.
1999, 13: 307-319.

Toth, A., Ciosk, R., Uhlmann, F., Galova, M., Schleiffer, A., Nas-
myth, K. Yeast cohesin complex requires a conserved protein,
Ecolp(Ctf7), to establish cohesion between sister chromatids dur-
ing DNA replication. Genes Dev. 1999, 13: 320-333.

Tanaka, K., Yonekawa, T., Kawasaki, Y., Kai, M., Furuya, K.,
Iwasaki, M., Murakami, H., Yanagida, M., Okayama, H. Fission
yeast Esolp is required for establishing sister chromatid cohesion
during S phase. Mol. Cell Biol. 2000, 20: 3459-3469.

Williams, B.C., Garrett-Engele, C.M., Li, Z., Williams, E.V.,
Rosenman, E.D., Goldberg, M.L. Two putative acetyltransferases,
san and deco, are required for establishing sister chromatid cohe-
sion in Drosophila. Curr. Biol. 2003, 13: 2025-2036.

Hou, F., Zou, H. Two human orthologues of Ecol/Ctf7 acetyltrans-
ferases are both required for proper sister-chromatid cohesion. Mol.
Biol. Cell 2005, 16: 3908-3918.

Tomkins, D.J., Sisken, J.E. Abnormalities in the cell-division cycle
in Roberts syndrome fibroblasts: a cellular basis for the phenotypic
characteristics? Am. J. Hum. Genet. 1984, 36: 1332-1340.
Janknecht, R. The versatile functions of the transcriptional coacti-
vators p300 and CBP and their roles in disease. Histol. Histopathol.
2002, 17: 657-668.

Ausio, J., Levin, D.B., De Amorim, G.V., Bakker, S., Macleod,
P.M. Syndromes of disordered chromatin remodeling. Clin. Genet.
2003, 64: 83-95.

Guan, Z., Giustetto, M., Lomvardas, S., Kim, J.H., Miniaci, M.C.,
Schwartz, J.H., Thanos, D., Kandel, E.R. Integration of long-term-



74 Current Genomics, 2009, Vol. 10, No. 1

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

memory-related synaptic plasticity involves bidirectional regulation
of gene expression and chromatin structure. Cell 2002, 111: 483-
493.

McCampbell, A., Taylor, J.P., Taye, A.A., Robitschek, J., Li, M.,
Walcott, J., Merry, D., Chai, Y., Paulson, H., Sobue, G., Fischbeck,
K.H. CREB-binding protein sequestration by expanded polyglu-
tamine. Hum. Mol. Genet. 2000, 9: 2197-2202.

Nucifora, F.C., Jr., Sasaki, M., Peters, M.F., Huang, H., Cooper,
J.K., Yamada, M., Takahashi, H., Tsuji, S., Troncoso, J., Dawson,
V.L., Dawson, T.M., Ross, C.A. Interference by huntingtin and at-
rophin-1 with cbp-mediated transcription leading to cellular toxic-
ity. Science 2001, 291: 2423-2428.

Taylor, J.P., Taye, A.A., Campbell, C., Kazemi-Esfarjani, P.,
Fischbeck, K.H., Min, K.T. Aberrant histone acetylation, altered
transcription, and retinal degeneration in a Drosophila model of po-
lyglutamine disease are rescued by CREB-binding protein. Genes
Dev. 2003, 17: 1463-1468.

Miniou, P., Jeanpierre, M., Bourc'his, D., Coutinho Barbosa, A.C.,
Blanquet, V., Viegas-Pequignot, E. alpha-satellite DNA methyla-
tion in normal individuals and in ICF patients: heterogeneous
methylation of constitutive heterochromatin in adult and fetal tis-
sues. Hum. Genet. 1997, 99: 738-745.

Bourc'his, D., Miniou, P., Jeanpierre, M., Molina Gomes, D.,
Dupont, J., De Saint-Basile, G., Maraschio, P., Tiepolo, L., Viegas-
Pequignot, E. Abnormal methylation does not prevent X inactiva-
tion in ICF patients. Cytogenet. Cell Genet. 1999, 84: 245-252.
Miniou, P., Bourc'his, D., Molina Gomes, D., Jeanpierre, M., Vie-
gas-Pequignot, E. Undermethylation of Alu sequences in ICF syn-
drome: molecular and in situ analysis. Cytogenet. Cell Genet. 1997,
77:308-313.

Kondo, T., Bobek, M.P., Kuick, R., Lamb, B., Zhu, X., Narayan,
A., Bourc'his, D., Viegas-Pequignot, E., Ehrlich, M., Hanash, S.M.
Whole-genome methylation scan in ICF syndrome: hypomethyla-
tion of non-satellite DNA repeats D4Z4 and NBL2. Hum. Mol.
Genet. 2000, 9: 597-604.

Schuffenhauer, S., Bartsch, O., Stumm, M., Buchholz, T., Petro-
poulou, T., Kraft, S., Belohradsky, B., Hinkel, G.K., Meitinger, T.,
Wegner, R.D. DNA, FISH and complementation studies in ICF
syndrome: DNA hypomethylation of repetitive and single copy loci
and evidence for a trans acting factor. Hum. Genet. 1995, 96: 562-
571.

Xu, G.L., Bestor, T.H., Bourc'his, D., Hsieh, C.L., Tommerup, N.,
Bugge, M., Hulten, M., Qu, X., Russo, J.J., Viegas-Pequignot, E.
Chromosome instability and immunodeficiency syndrome caused
by mutations in a DNA methyltransferase gene. Nature 1999, 402:
187-191.

Miniou, P., Jeanpierre, M., Blanquet, V., Sibella, V., Bonneau, D.,
Herbelin, C., Fischer, A., Niveleau, A., Viegas-Pequignot, E. Ab-
normal methylation pattern in constitutive and facultative (X inac-
tive chromosome) heterochromatin of ICF patients. Hum. Mol.
Genet. 1994, 3: 2093-2102.

Hansen, R.S., Stoger, R., Wijmenga, C., Stanek, A.M., Canfield,
T.K,, Luo, P., Matarazzo, M.R., D'Esposito, M., Feil, R., Gimelli,
G., Weemaes, C.M., Laird, C.D., Gartler, S.M. Escape from gene
silencing in ICF syndrome: evidence for advanced replication time
as a major determinant. Hum. Mol. Genet. 2000, 9: 2575-2587.
Gartler, S.M., Varadarajan, K.R., Luo, P., Canfield, T.K., Traynor,
J., Francke, U., Hansen, R.S. Normal histone modifications on the
inactive X chromosome in ICF and Rett syndrome cells: implica-
tions for methyl-CpG binding proteins. BMC Biol. 2004, 2: 21.
Zoghbi, H.Y. MeCP2 dysfunction in humans and mice. J. Child.
Neurol. 2005, 20: 736-740.

Kriaucionis, S., Bird, A. DNA methylation and Rett syndrome.
Hum. Mol. Genet. 2003, 12 Spec No 2: R221-227.

Martinowich, K., Hattori, D., Wu, H., Fouse, S., He, F., Hu, Y.,
Fan, G., Sun, Y.E. DNA methylation-related chromatin remodeling
in activity-dependent BDNF gene regulation. Science 2003, 302:
890-893.

Stancheva, 1., Collins, A.L., Van den Veyver, 1.B., Zoghbi, H.,
Meehan, R.R. A mutant form of MeCP2 protein associated with
human Rett syndrome cannot be displaced from methylated DNA
by notch in Xenopus embryos. Mol. Cell. 2003, 12: 425-435.
Colantuoni, C., Jeon, O.H., Hyder, K., Chenchik, A., Khimani,
A.H., Narayanan, V., Hoffman, E.P., Kaufmann, W.E., Naidu, S.,
Pevsner, J. Gene expression profiling in postmortem Rett Syn-

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

Elizondo et al.

drome brain: differential gene expression and patient classification.
Neurobiol. Dis. 2001, 8: 847-865.

Tudor, M., Akbarian, S., Chen, R.Z., Jaenisch, R. Transcriptional
profiling of a mouse model for Rett syndrome reveals subtle tran-
scriptional changes in the brain. Proc. Natl. Acad. Sci. USA 2002,
99: 15536-15541.

Wan, M., Zhao, K., Lee, S.S., Francke, U. MECP2 truncating mu-
tations cause histone H4 hyperacetylation in Rett syndrome. Hum.
Mol. Genet. 2001, 10: 1085-1092.

Young, J.I., Hong, E.P., Castle, J.C., Crespo-Barreto, J., Bowman,
A.B., Rose, M.F., Kang, D., Richman, R., Johnson, J.M., Berget,
S., Zoghbi, H.Y. Inaugural Article: Regulation of RNA splicing by
the methylation-dependent transcriptional repressor methyl-CpG
binding protein 2. Proc. Natl. Acad. Sci. USA 2005, 102: 17551-
17558.

Kops, G.J., Weaver, B.A., Cleveland, D.W. On the road to cancer:
aneuploidy and the mitotic checkpoint. Nat. Rev. Cancer 2005, 5:
773-785.

Mitelman, F. Catalog of chromosome aberrations in cancer, 4™ ed.
New York: Wiley-Liss 1991.

Gibbons, R.J. Histone modifying and chromatin remodelling en-
zymes in cancer and dysplastic syndromes. Hum. Mol. Genet. 2005,
14(Spec No 1): R85-92.

Esteller, M. Aberrant DNA methylation as a cancer-inducing
mechanism. Annu. Rev. Pharmacol. Toxicol. 2005, 45: 629-656.
Davis, P.K., Brackmann, R.K. Chromatin remodeling and cancer.
Cancer Biol. Ther. 2003, 2: 22-29.

Betz, B.L., Strobeck, M.W., Reisman, D.N., Knudsen, E.S.,
Weissman, B.E. Re-expression of hSNF5/INI1/BAF47 in pediatric
tumor cells leads to G1 arrest associated with induction of
pl6ink4a and activation of RB. Oncogene 2002, 21: 5193-5203.
Hendricks, K.B., Shanahan, F., Lees, E. Role for BRG1 in cell
cycle control and tumor suppression. Mol. Cell Biol. 2004, 24: 362-
376.

Oruetxebarria, 1., Venturini, F., Kekarainen, T., Houweling, A.,
Zuijderduijn, L.M., Mohd-Sarip, A., Vries, R.G., Hoeben, R.C.,
Verrijzer, C.P. P16INK4a is required for hSNF5 chromatin remod-
eler-induced cellular senescence in malignant rhabdoid tumor cells.
J. Biol. Chem. 2004, 279: 3807-3816.

Bochar, D.A., Wang, L., Beniya, H., Kinev, A., Xue, Y., Lane,
W.S., Wang, W., Kashanchi, F., Shiekhattar, R. BRCAL is associ-
ated with a human SWI/SNF-related complex: linking chromatin
remodeling to breast cancer. Cell 2000, 102: 257-265.

Yasui, W., Oue, N., Ono, S., Mitani, Y., Ito, R., Nakayama, H.
Histone acetylation and gastrointestinal carcinogenesis. Ann. N. Y.
Acad. Sci. 2003, 983: 220-231.

Bandyopadhyay, D., Okan, N.A., Bales, E., Nascimento, L., Cole,
P.A., Medrano, E.E. Down-regulation of p300/CBP histone acetyl-
transferase activates a senescence checkpoint in human melano-
cytes. Cancer Res. 2002, 62: 6231-6239.

Debes, J.D., Sebo, T.J., Heemers, H.V., Kipp, B.R., Haugen de,
A.L., Lohse, C.M,, Tindall, D.J. p300 modulates nuclear morphol-
ogy in prostate cancer. Cancer Res. 2005, 65: 708-712.

Debes, J.D., Sebo, T.J., Lohse, C.M., Murphy, L.M., Haugen de,
A.L., Tindall, D.J. p300 in prostate cancer proliferation and pro-
gression. Cancer Res. 2003, 63: 7638-7640.

Deguchi, K., Ayton, P.M., Carapeti, M., Kutok, J.L., Snyder, C.S.,
Williams, L.R., Cross, N.C., Glass, C.K., Cleary, M.L., Gilliland,
D.G. MOZ-TIF2-induced acute myeloid leukemia requires the
MOZ nucleosome binding motif and TIF2-mediated recruitment of
CBP. Cancer Cell 2003, 3: 259-271.

de Ruijter, AJ., van Gennip, A.H., Caron, H.N., Kemp, S., van
Kuilenburg, A.B. Histone deacetylases (HDACS): characterization
of the classical HDAC family. Biochem. J. 2003, 370: 737-749.
Mitsiades, C.S., Mitsiades, N.S., McMullan, C.J., Poulaki, V.,
Shringarpure, R., Hideshima, T., Akiyama, M., Chauhan, D., Mun-
shi, N., Gu, X., Bailey, C., Joseph, M., Libermann, T.A., Richon,
V.M., Marks, P.A., Anderson, K.C. Transcriptional signature of
histone deacetylase inhibition in multiple myeloma: biological and
clinical implications. Proc. Natl. Acad. Sci. USA 2004, 101: 540-
545.

Feinberg, A.P., Vogelstein, B. Hypomethylation distinguishes
genes of some human cancers from their normal counterparts. Na-
ture 1983, 301: 89-92.

Esteller, M., Fraga, M.F., Guo, M., Garcia-Foncillas, J., Hedenfalk,
l., Godwin, A.K., Trojan, J., Vaurs-Barriere, C., Bignon, Y.J., Ra-



Gene Clusters, Molecular Evolution and Disease

[176]

[177]

[178]

[179]

[180]

[181]

[182]

mus, S., Benitez, J., Caldes, T., Akiyama, Y., Yuasa, Y., Launonen,
V., Canal, M.J., Rodriguez, R., Capella, G., Peinado, M.A., Borg,
A., Aaltonen, L.A.,, Ponder, B.A., Baylin, S.B., Herman, J.G. DNA
methylation patterns in hereditary human cancers mimic sporadic
tumorigenesis. Hum. Mol. Genet. 2001, 10: 3001-3007.

Walsh, C.P., Chaillet, J.R., Bestor, T.H. Transcription of I1AP en-
dogenous retroviruses is constrained by cytosine methylation. Nat.
Genet. 1998, 20: 116-117.

Yoder, J.A., Walsh, C.P., Bestor, T.H. Cytosine methylation and
the ecology of intragenomic parasites. Trends Genet. 1997, 13:
335-340.

Feinberg, A.P. Imprinting of a genomic domain of 11p15 and loss
of imprinting in cancer: an introduction. Cancer Res. 1999, 59:
1743s-1746s.

Plass, C., Soloway, P.D. DNA methylation, imprinting and cancer.
Eur. J. Hum. Genet. 2002, 10: 6-16.

Costello, J.F., Fruhwald, M.C., Smiraglia, D.J., Rush, L.J., Robert-
son, G.P., Gao, X., Wright, F.A., Feramisco, J.D., Peltomaki, P.,
Lang, J.C., Schuller, D.E., Yu, L., Bloomfield, C.D., Caligiuri,
M.A., Yates, A., Nishikawa, R., Su Huang, H., Petrelli, N.J.,
Zhang, X., O'Dorisio, M.S., Held, W.A., Cavenee, W.K., Plass, C.
Aberrant CpG-island methylation has non-random and tumour-
type-specific patterns. Nat. Genet. 2000, 24: 132-138.

Esteller, M., Corn, P.G., Baylin, S.B., Herman, J.G. A gene hyper-
methylation profile of human cancer. Cancer Res. 2001, 61: 3225-
3229.

Fraga, M.F., Herranz, M., Espada, J., Ballestar, E., Paz, M.F., Rop-
ero, S., Erkek, E., Bozdogan, O., Peinado, H., Niveleau, A., Mao,
J.H., Balmain, A., Cano, A., Esteller, M. A mouse skin multistage
carcinogenesis model reflects the aberrant DNA methylation pat-
terns of human tumors. Cancer Res. 2004, 64: 5527-5534.

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

Current Genomics, 2009, Vol. 10, No. 1 75

Esteller, M. CpG island hypermethylation and tumor suppressor
genes: a booming present, a brighter future. Oncogene 2002, 21:
5427-5440.

Lyko, F., Brown, R. DNA methyltransferase inhibitors and the
development of epigenetic cancer therapies. J. Natl. Cancer Inst.
2005, 97: 1498-1506.

Purmann, A., Toedling, J., Schueler, M., Carninci, P., Lehrach, H.,
Hayashizaki, Y., Huber, W., Sperling, S. Genomic organization of
transcriptomes in mammals: Coregulation and cofunctionality. Ge-
nomics 2007, 89: 580-587.

Tsaparas, P., Marino-Ramirez, L., Bodenreider, O., Koonin, E.V.,
Jordan, 1.K. Global similarity and local divergence in human and
mouse gene co-expression networks. BMC Evol. Biol. 2006, 6: 70.
Stolc, V., Gauhar, Z., Mason, C., Halasz, G., van Batenburg, M.F.,
Rifkin, S.A., Hua, S., Herreman, T., Tongprasit, W., Barbano, P.E.,
Bussemaker, H.J., White, K.P. A gene expression map for the eu-
chromatic genome of Drosophila melanogaster. Science 2004, 306:
655-660.

Akashi, K., He, X., Chen, J., lwasaki, H., Niu, C., Steenhard, B.,
Zhang, J., Haug, J., Li, L. Transcriptional accessibility for genes of
multiple tissues and hematopoietic lineages is hierarchically con-
trolled during early hematopoiesis. Blood 2003, 101: 383-389.
Lunyak, V.V., Burgess, R., Prefontaine, G.G., Nelson, C., Sze,
S.H., Chenoweth, J., Schwartz, P., Pevzner, P.A., Glass, C., Man-
del, G., Rosenfeld, M.G. Corepressor-dependent silencing of chro-
mosomal regions encoding neuronal genes. Science 2002, 298:
1747-1752.

Jordan, K.W., Carbone, M.A., Yamamoto, A., Morgan, T.J.,
Mackay, T.F. Quantitative genomics of locomotor behavior in Dro-
sophila melanogaster. Genome Biol. 2007, 8: R172.

Li, J., Burmeister, M. Genetical genomics: combining genetics with
gene expression analysis. Hum. Mol. Genet. 2005, 14 Spec No. 2:
R163-169.



