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We recently reported that reducing
the levels of BRGI1, the catalytic
subunit of mammalian SWI/SNF chro-
matin remodeling enzymes, induces
alterations in nuclear shape in a breast
epithelial cell line. Immunostaining the
BRG1 knockdown cells with nuclear
lamina antibodies revealed a signifi-
cantly increased frequency of grooves, or
invaginations, in the nuclei. Disruption
of each of the major cytoplasmic filament
systems (actin, tubulin and cytokeratins)
had no impact on the BRGI-dependent
changes in nuclear shape, indicating that
the observed changes in nuclear mor-
phology are unlikely to be a result of
alterations in the integrity of the nuclear-
cytoplamic contacts in the cell. We pro-
pose that the BRGI1-dependent nuclear
shape changes reflect a role for the chro-
matin remodeling enzyme in maintain-
ing the structural integrity of the nucleus
via global regulation of chromatin struc-
ture and dynamics within the nucleus.

Contiguous physical connections between
the cell surface proteins that communi-
cate with the extra-cellular environment,
the cytoskeleton and the nucleus make
possible signal transduction mechanisms
that are critical to processing nearly
every signaling cue to which a cell can
be exposed. However, these components
play an equally critical role in maintain-
ing the structural integrity of the cell and
the nucleus. Previous work suggested that
changes in nuclear shape could be induced
by either external forces transduced from
the cytoskeleton or by internal nuclear
forces. Either mechanism would require
linkages between the structures at the
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nuclear periphery, the nuclear lamina and
the nuclear envelope, and either the cyto-
skeleton or internal nuclear structures.
The LINC (Linker of Nucleoskeleton
and Cytoskeleton) complex at the nuclear
periphery, as well as the associated SUN
and nesprin proteins, likely serve this
purpose since they tie together peripheral
chromatin, the nuclear lamins and the
cytoskeleton.”? The importance of main-
taining the appropriate structural integ-
rity in both the nucleus and in the cell
as a whole is reflected in the correlation
between alterations to cell and nuclear
structure and the presence of disease,
which most notably include laminopa-
thies and cancers. Indeed, the presence
of nuclear and/or cytoplasmic structural
changes in patient biopsy samples can be
the primary means of diagnosis.* Yet the
molecular bases for changes in nuclear
and/or cytoplasmic structure are often
poorly or not at all understood.

We previously observed that ecto-
pic expression of a dominant negative,
ATPase-deficient BRGI protein in fibro-
blasts caused an increase in nuclear size
of ~10%, though no changes in nuclear
shape were seen.” As in our latest study,’ we
hypothesized that the chromatin remod-
eling enzyme, directly or indirectly, was
affecting the gene expression levels of one
or more structural components of cyto-
skeletal or nuclear architecture, thereby
compromising the integrity of nuclear size
and/or shape. However, microarray analy-
sis failed to identify any possible candidate
gene, and, as detailed in our published
report, a candidate approach using immu-
nofluorescence failed to identify changes
in levels or distribution for a handful of
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nuclear lamina proteins while disruption
of cytoskeletal filaments did not alter the
appearance or the frequency of altered
nuclei upon BRGI knockdown.®

Though it certainly remains possible
that the cause of the observed changes in
nuclear morphology is a BRG1-dependent
change in the expression of a structural
protein or in a regulatory factor control-
ling the expression of such proteins, we
wish to put forth the hypothesis that
BRGI, by virtue of its chromatin remod-
eling activity, may be globally controlling
chromatin organization, especially as it
relates to chromatin interactions with the
nuclear lamina, and may therefore be con-
trolling nuclear shape. Multiple lamina
proteins mediate connections to genomic
chromatin,”® but how chromatin comes
to be in a position to be bridged to the
nuclear lamina, and how that positioning
is maintained and regulated, is just begin-
ning to be elucidated.”'® We propose that
BRG], and therefore, BRG1-based SW1/
SNF enzymes, contribute to higher order
genome organization, and consequently to
the regulation of nuclear shape.

BRGI1 has been shown to catalyze
local changes in nucleosome position and
structure on target genes as part of its role
in regulating gene expression."* BRGI
interacts with transcriptional regulatory
proteins, interacts with target gene chro-
matin, and alters chromatin accessibility.
In vitro studies suggest that its chromatin
remodeling properties can be recapitu-
lated by recombinant BRG1." However,
the SWI/SNF enzyme is nearly two mil-
lion Daltons and has at least 11 subunits,
many of which are variant, which allows
for a great diversity in the subunit com-
position of BRG1-based enzymes.” While
there is evidence that the additional sub-
units can help mediate interactions with
transcriptional regulatory proteins, the
functions of the additional subunits are
poorly characterized. Why is BRGI exclu-
sively found as part of a large complex
when its ATP-dependent functions seems
to be sufficient for the biochemical activi-
ties associated with chromatin remodeling
at target loci?

Perhaps the answer lies in the idea that
BRGl1-based SWI/SNF enzymes have
additional functions beyond nucleosome
remodeling at promoter and enhancer

€25153-2

with BRG1

BRG1 knockdown

s Nuclear Lamina

@ BRG1

e Chromatin

=

Lamina-Chromatin Connections

invaginations, in the nuclear lamina.

Figure 1. Model for BRG1-dependent nuclear shape change. Upon knockdown of BRG1, chroma-
tin condenses, collapsing the chromosome territory and resulting in the formation of grooves, or

sequences. ChIP-seq data from multiple
studies in different cell line backgrounds
reveal that BRGI, as expected, binds
to regulatory sequences at target genes
but also binds elsewhere throughout the
genome, with a significant proportion of
the total binding sites being intergenic.'*"”
This raises a question as to the relevance
of these binding sites. Do they repre-
sent distant regulatory sequences affect-
ing gene expression or is there another
purpose to BRGI binding in intergenic
regions, such as organizing higher order
chromatin structure? Intriguing stud-
ies of the a-globin and B-globin loci
in the K562 erythroleukemia cell line
document  BRGI-dependent  looping
between promoters and distal regulatory
sequences,”®?"  providing evidence that
BRGI can organize chromatin in three-
dimensional space along a specific region
of a chromosome. Similarly, BRG1 orga-
nizes chromatin looping and higher order
chromatin structure that promotes gene
expression at the T-helper 2 (Th2) cyto-
kine locus and at the CIITA locus.?>*
Recently, Lan et al., integrated K562 cell
ChIP-seq and DNase-seq data with data
from a genome-wide approach to mapping
loci that interact with each other in K562
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cells.*® They identified 12 different clus-
ters of interacting genomic loci that could
be distinguished by the epigenetic status
of the loci. Of note, one of the clusters
was marked by the binding of BRG1 and
INI1, an invariant subunit of all SWI/
SNF enzymes. While this data does not
demonstrate function, it is nevertheless
provocative that some three-dimensional
physical interactions between genomic
loci correlate with the presence of BRGI
and presumably BRG1-based SWI/SNF
enzyme. Finally, another study documents
inter-chromosomal interactions between
ER responsive genes following stimula-
tion of cells by estrogen; these interactions
were lost when a BRGl-associated sub-
unit called BAF53 was knocked down by
siRNA techniques.® This result gives cre-
dence to the idea that SWI/SNF enzymes
can mediate chromatin organization
between specific loci on different chromo-
somes as well as regulate chromatin orga-
nization in response to external stimuli.
Collectively, these studies support
the idea that BRG1 organizes chromatin
structure both within the confines of a
specific gene locus as well as at greater dis-
tances and even between loci on different
chromosomes. We extend this concept to
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postulate that BRG1 organizes chromatin
at the nuclear lamina. This hypothesis is
supported by one ChiP-seq data set that
indicates a large percentage of intergenic
BRG1
lamina-associated DNA sequences' and
our functional observations that BRGI
knockdown in breast epithelial cells alters

locations are coincident with

nuclear shape.® We propose that just as
knockdown or interference with BRGI
or SWI/SNF enzyme compromises chro-
matin spatial organization at or between
specific loci,?*** knockdown of BRGI
in breast epithelial cells compromises
chromatin integrity at the lamina. The
appearance of grooves, or invaginations,
in the nuclear lamina® suggests that areas
of cellular chromatin structure may have
collapsed or become more condensed
when BRGI levels are reduced, while
connections between the chromatin and
lamina proteins have been maintained.
Consequently, the lamina is pulled inward
into the nucleus and the nuclear shape
is altered (Fig. 1). Future work will seek
to provide experimental support for this
concept.
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