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The organization and intranuclear localization of nucleic acids and regulatory proteins contribute
to both genetic and epigenetic parameters of biological control. Regulatory machinery in the cell
nucleus is functionally compartmentalized in microenvironments (focally organized sites where
regulatory factors reside) that provide threshold levels of factors required for transcription,
replication, repair and cell survival. The common denominator for nuclear organization of
regulatory machinery is that each component of control is architecturally configured and every
component of control is embedded in architecturally organized networks that provide an

infrastructure for integration and transduction of regulatory signals. It is realistic to anticipate
emerging mechanisms that account for the organization and assembly of regulatory complexes
within the cell nucleus can provide novel options for cancer diagnosis and therapy with maximal

specificity, reduced toxicity and minimal off-target complications.

There is growing appreciation that the organization and
intranuclear localization of nucleic acids and regulatory
proteins contribute significantly to both genetic and epigenetic
parameters of biological control. From an historical perspective,
there has been a parallel evolution of insight into DNA-encoded
regulatory information (genetic control) and control that is
epigenetically mediated (regulatory information that is not
DNA encoded but conveyed during cell division from parental
to progeny cells). Similarly, accrual of insight into architectural
organization of regulatory machinery for gene expression and the
identification of sequences and factors for genetic and epigenetic
parameters of control have generally been independent.
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During the past several years there has been a convergence
of perspectives, in part technology driven, that provides
an integrated concept of gene expression and regulatory
mechanisms that are operative within the three dimensional
context of nuclear architecture. A blueprint for regulation of
gene expression is emerging where combinatorial components
of genetic and epigenetic control synergistically contribute to
mechanisms that govern biology and pathology.

Effective reviews address the biochemical, molecular and
cellular parameters of control.'”> Here we will focus on an
obligatory relationship between mechanisms that mediate
genetic and epigenetic components with emphasis on the archi-
tectural organization and assembly of regulatory machinery
in nuclear microenvironments. While we will confine this
mini-review to linkages of nuclear morphology with transcrip-
tion, the paradigm extends to functional relationships between
focally organized regulatory networks in the extracellular matrix
and cytoplasm to support the integration of signals required for
a broad spectrum of components to biological control. This is
an area where Mina Bissell has been instrumental in establishing
the conceptual and experimental foundation.®’

Insight, innovation, integration

The common denominator for nuclear organization of
regulatory machinery is that each component of control is
architecturally configured and every component of control is
embedded in architecturally organized networks that provide
an infrastructure for integration and transduction of regulatory

signals. It is realistic to anticipate emerging mechanisms that
account for the organization and assembly of regulatory
complexes within the cell nucleus can provide novel options
for cancer diagnosis and therapy with maximal specificity,
reduced toxicity and minimal off-target complications.
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The regulatory landscape of the cell nucleus

Regulatory machinery within the cell nucleus is functionally
organized, assembled and compartmentalized
environments that provide threshold levels of factors required
for transcription, replication, repair and cell survival
(Fig. 1—mini-photographs of subnuclear domains). Focusing
on gene expression, the transcription factors and cohorts of
coregulatory proteins that support combinatorial control of
gene activation and suppression, chromatin structure and
nucleosome organization as well as physiological responsiveness
to a broad spectrum of regulatory cues are architecturally
organized and focally configured. This subnuclear
compartmentalization establishes specialized domains that can
be visualized by microscopy utilizing antibodies for recognition of
regulatory proteins and in situ hybridization for detection of
genes and transcripts (reviewed in ™ 8742).

The extent to which architectural organization supports
control of transcription is strikingly illustrated at multiple
levels of nuclear organization. Transcription factors provide
scaffolds that are strategically located at sites on target gene
promoters to render sequences accessible to regulatory
proteins and determine the extent to which genes are

in  micro-

expressed or repressed. The punctate organization of
regulatory complexes illustrates the dedication of regions
within the nucleus to expression of genes that support
proliferation, phenotype and accommodation of requirements
for homeostasis. The common denominator for organization of
regulatory machinery within the cell nucleus is that each
component of control is architecturally configured and every
component of control is embedded in architecturally organized
networks that provide an infrastructure for integration and
transduction of regulatory signals.

Fig. 2 schematically depicts the architectural organization of
regulatory proteins on the bone tissue specific osteocalcin gene
promoter, where the Runx transcription factor aligns the
biochemical components of transcriptional control to
establish and sustain competency for expression. Fig. 3
shows the punctate organization of Runx regulatory
complexes during interphase and mitosis and Fig. 4 provides
an example of a regulatory network in which the Runx
transcription factor supports regulatory cascades from a
series of signaling pathways that contribute to biological
control. While high resolution microscopy and in situ
biochemical techniques have effectively defined the temporal
and spatial components of control that are mediated by
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Fig. 1 The nuclear architecture is functionally linked to the organization and sorting of regulatory information. Immunofluorescence microscopy
of the proliferating human tumor cells nucleus in situ has revealed the distinct nonoverlapping subnuclear distribution of vital nuclear processes,
including: DNA replication sites and proteins involved in replication, such as chromatin assembly factor-1 (CAF-1) and replication protein A
(RPA); DNA damage as shown by BRCAL; chromatin remodeling (e.g., mediated by the SWI/SNF complex); structural parameters of the nucleus
(e.g., the nuclear envelope, chromosomes and chromosomal territories); RUNX, transducin-like enhancer (TLE) and vitamin D; receptor (VDR)
domains for chromatin organization and transcriptional control of tissue-specific genes; RNA synthesis and processing, involving, for example,
transcription sites; SC35 domains, coiled bodies and nucleoli; as well as proteins involved in cell survival (e.g., survivin). Subnuclear promyelocytic
leukemia (PML) bodies of unknown function have been examined in numerous cell types. 2023142387383 A these domains are associated with the
nuclear matrix (schematically illustrated in the center). Reprinted from Stein er al., 2003.54
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Fig. 2 Remodeling of the Osteocalcin gene promoter during
developmental progression of the osteoblast phenotype. The
transcriptionally silent rat osteocalcin gene is schematically
illustrated with nucleosomes placed in the proximal tissue-specific
and distal enhancer region of the promoter (a). Factors such as
Runx and p300 that support basal tissue-specific transcription are
recruited to the OC gene promoter and are organized in proximal and
distal promoter domains. Modifications in chromatin structure that
mediate the assembly of the regulatory machinery for the nuclease
hypersensitive sites reflect OC gene transcription. A positioned
nucleosome resides between the proximal basal and distal enhancer
regions of the promoter (b). In response to vitamin D, chromatin
remodeling renders the upstream VDRE competent for binding the
VDR/RXR heterodimer with its cognate element (c). Higher order
chromatin organization permits crosstalk between basal transcription
machinery and the vitamin D receptor complex that involves direct
interactions of the vitamin D receptor, Runx 2, p300 and TFIIB (d).
Reprinted from Stein ez al., 2003.%°

the architectural organization of transcription regulatory
machinery within the cell nucleus, many of the architecturally
defined relationships between nuclear structure and function
have been validated by in vivo molecular approaches that
include genomic and proteomic analyses (e.g., ChiP chromatin
immunoprecipitation), ChIP — chip and ChiP — Cseq.***’

Intranuclear trafficking to regulatory destinations

Establishing sites within the nucleus that support gene
expression necessitates a mechanism to focally localize and

e

Fig. 3 Integration of signal transduction cascades with Runx at
subnuclear foci for control of bone formation. The nuclear matrix
(NM) filamentous structure visualized by embedment-free electron
microscopy.®® The left panel shows an electron micrograph (the
cross-link stabilized nuclear matrix of a CaSki cell) with a prominent
nuclear matrix scaffold.*® The nuclear matrix was uncovered by the
method of Nickerson ez al.*® and imaged by resinless section electron
microscopy, a technique developed by Capco er al®” Nu and L
designate the nucleolus and nuclear lamina, respectively. The bar in
the micrograph is 1 pM. Immunofluorescence microscopy of
endogenous Runx2 in ROS 17/2.8 cells showing foci associated with
the NM obtained by in situ extraction of soluble chromatin (NM
intermediate filament preparation), as described.’®%® The nuclei in the
right panel showing Runx2 foci are approximately 10 uM. Reprinted
from Lian ef al., 2004.%°

functionally compartmentalize regulatory and coregulatory
proteins that govern control of transcription. There is a require-
ment to configure regulatory complexes that can effectively
support a diverse series of molecular processes. These compo-
nents of control encompass but are not confined to rendering
sites on target gene promoters accessible for sequence-specific
interactions with transcription factors, establishing competency
for functional encounters with coregulatory factors. These
molecular interactions modulate transcriptional activity within
the context of accommodating and executing responses to a
broad spectrum of regulatory signals that interface cellular
requirements for gene expression with the selective activation
and suppression of genes in a manner that is consistent with
regulatory signatures for biological control. The extensive array
of coregulatory factors that are incorporated into combinatorial
regulatory complexes at promoter sites and focally organized in
subnuclear domains reflects complexity and dynamic plasticity
that can accommodate diverse requirements for biological
control.

Several shared features characterize an emerging paradigm
for control of gene expression from an architectural perspec-
tive. The combinatorial organization and assembly of
transcriptional regulatory machinery is architecturally
organized to focally support selective activation and repression
of genes. The combinatorial regulatory complexes include
factors that facilitate interrelationships of architecturally
organized regulatory machinery for gene expression with
genetic and epigenetic control. Simply stated, the biochemical
composition of regulatory machinery supports molecular
mechanisms that include: (1) histone modifications, nucleo-
some structure, and higher order chromatin organization;
(2) the biochemical requirements for transcription; and (3)
execution of transcriptional programs that are dictated
by physiological regulatory cues. The corollary is that
biochemical components of the transcriptional regulatory
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Fig. 4 A Runx regulatory network architecturally integrates signaling pathways that mediate biological control at intranuclear sites.

machinery are determinants for architectural organization
of regulatory complexes.'®*** There is an equivalent contri-
bution of architecturally organized regulatory machinery to
transcriptional competency and specificity. Architecturally
organized regulatory factors are involved in establishing the
genomic organization of regulatory complexes. Structure-
function interdependency is further illustrated by the genetic
and epigenetic parameters of organization for regulatory
machinery within the cell nucleus.

The mechanisms responsible for the subnuclear
organization of transcriptional regulatory machinery is
a fundamental question. The combined application of
molecular, cellular, biochemical and in vivo genetic
approaches has identified and supported characterization of
a 31 amino acid, C terminal intranuclear trafficking sequence
that is necessary and sufficient for the punctate organization
that is observed for the Runx/AML family of transcription
factors. Specificity of the Runx/AML subnuclear trafficking
signals is reflected by a unique sequence and crystal
structure®® 32 Obligatory requirements for fidelity of
intranuclear trafficking are supported by linkage with
transcriptional competency and capacity to establish the
myeloid (Runxl/AMLI1), bone (Runx2/AML3), and
neurological/intestinal (Runx2/AML2) phenotypes in vitro
and in vivo.**#%:33°67 There is a similar requirement for fidelity

of intranuclear localization to support the transformed
phenotype in AML leukemia cells with an 8;21 chromosomal
translocation and for breast and prostate cancer cells to
form osteolytic and osteoblastic lesions in bone.>>*”*® The
requirement for Runx localization within nuclei of tumor
cells provides a novel platform for therapy where aberrant
intranuclear trafficking sequences can serve as “‘druggable”
targets.

Mitotic bookmarking: a novel architecturally-
mediated dimension to epigenetic control

A key question is whether regulatory complexes are retained
during mitosis or are synthesized and reorganized in progeny
cells immediately following cell division. Consequently it is
essential for epigenetically sustaining the structural and
functional integrity of regulatory machinery for tissue
specific gene expression.

Consistent with the requirement for epigenetically mediated
persistence of gene expression, the Runx transcription factors
that are master regulators of the bone, myeloid and
neurological/gastrointestinal phenotypes have been shown to
be: (1) maintained during mitosis as focal regulatory
complexes;® (2) associated with target gene loci on
mitotic chromosomes; and (3) retained as focal nuclear
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Fig. 5 Mitotic retention of sequence-specific transcription factors as an epigenetic mechanism for lineage maintenance in normal cells and for the
sustained tumor phenotype in cancer cells. Gene loci on metaphase chromosomes (blue color) are occupied by phenotypic transcription factors
(green circle) for lineage maintenance through successive cell divisions in normal cells. In tumors, as cells undergo genomic instability and
accumulate cancer mutations, it is possible that one allele (shown here as red chromosome arm) is occupied by oncogenic transcription factor (which
can be a phenotypic protein, ectopically expressed in cancer cells). Successive cell divisions and acquisition of additional cancer mutations then lead
to the replacement of phenotypic regulatory proteins with oncogenic transcription factors. Occupancy of target gene loci with oncogenic proteins

results in sustained tumor phenotype. Reprinted from Stein e al., 2010.%°

microenvironments in post-mitotic progeny cells as sites for the
organization and assembly of regulatory machinery for tissue
specific gene expression in a manner that reflects the
intranuclear organization of RNA polymerase II regulatory
machinery during the G2 phase of the cell cycle prior to
mitosis* %772 (Fig. 3).

This novel dimension to epigenetic control that supports
retention of phenotype competency extends beyond
Runx-mediated tissue specific gene expression. Recent results
indicate that a similar mitotic retention of transcription
regulatory machinery at target gene loci of mitotic
chromosomes is operative in myoD and CEBP, illustrating
an architectural epigenetic mechanism for sustaining the
muscle and adipocyte phenotypes Runx-mediated.”®”!
Retention of the AML/ETO transformation—fusion protein
at target gene loci of mitotic chromosomes in AML leukemia
suggests transcription factor-mediated epigenetic maintenance
of the AML/leukemia phenotype® (Fig. 5).

Recognizing that all transcription factors are not retained
on target genes during mitosis’> suggests that transcription
factor-mediated epigenetic control is selective and that
additional regulatory mechanisms contribute to retention of
cell fate and lineage commitment during proliferation. It is
also necessary to extend understanding of the extent to which
coregulatory factors, both co-activators and co-repressors,
are retained as mitotic complexes. While the initial indication
is that while mitotic persistence of coregulatory factors
occurs, the extent to which this component of control
is operative remains to be determined.”””' However,
there is growing support for epigenetic retention of lineage
committed transcription factors for control of genes
transcribed by RNA polymerase II as well as by RNA
polymerase 1 (ribosomal genes), providing a mechanistic
basis for coordinating control of cell growth and
phenotype.**°

Architecturally-mediated facilitation of biological
control

Accruing evidence is solidifying acceptance that the architectural
organization of regulatory machinery for genetic and epigenetic
control of gene expression is a principal parameter of biological
control. The focal organization of combinatorial components
for transcriptional regulation in nuclear microenvironments
provides support for a catalytic role of nuclear architecture
in establishing and sustaining threshold concentrations that
effectively support physiologically responsive activity. The
engagement of cellular architecture in the sorting and
trafficking of regulatory macromolecules, a concept pioneered
by Mina Bissell and her colleagues, is viewed as an important
component of regulation in many biological contexts.
Perturbations in architecturally mediated regulation have been
implicated in gene expression that is associated with the onset
and progression of diseases that include cancer. Modifications in
the intranuclear organization of regulatory machinery in cancer
cells that are linked to perturbed transcription factor localization
provide tumor restricted druggable targets. It is realistic
to anticipate that emerging mechanisms that account for the
organization and assembly of regulatory complexes within the
cell nucleus can provide novel options for cancer diagnosis and
therapy with maximal specificity, reduced toxicity and minimal
off-target complications.
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