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insulators factors
involved in higher-order, genome-

wide organization of chromatin, and play

hromatin are

key roles in regulating transcriptional
programs. In this review, we discuss
recent studies on the diverse composition
of insulator complexes, and on the mech-
anism by which they establish long-range
DNA interactions. Particularly, we
describe new biophysical methods that
allow for the study of the composition of
large molecular complexes, and for defin-
ing the factors potentially required to
establish long-range DNA contacts.

Eukaryotic chromosomes display sev-
eral hierarchical levels of organization,
from the nanoscale where nucleosomes
orderly folds naked double-stranded
DNA, to sub-megabase (Mb) scales where
the chromatin fiber is condensed into sep-
arate, physically-isolated domains (also
called topological domains, or TDs). TDs
are defined by sub-Mb dense regions of
chromatin showing high frequencies of
self-interactions.'”

Chromatin insulators are genetic ele-
ments implicated in nuclear organization
and transcription regulation in eukar-
yotes. In Drosophila, 5 insulator families
have been identified, that differ by their
DNA-binding protein (insulator binding
protein, or IBP): Suppressor of Hairy-
wing [Su(Hw)],° boundary element-asso-
ciated factor (BEAF32),” Zeste-white 5
(Zw5),® the GAGA factor (GAF),” and
dCTCF," a distant sequence homolog of
mammalian CTCF. Recently, chromatin
insulators have been shown to play sev-
eral important roles in the general regula-
tion of transcription and in higher-order
First, IBPs bind
thousands of sites genome-wide with a
differential distribution, suggesting that
different insulators may be involved in

chromatin structure.
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the regulation of distinct developmental
programs.“‘14 Second, insulators regulate
transcription of distinct gene ontologies,
separate distinct epigenetic chromatin
states, and recruit H3K27me3 domains
to Polycomb bodies.>*'""!> Third, insu-
lators have been typically characterized
for their ability to block interactions
between
through the formation of long-range con-
tacts.'®?" Finally, IBPs and co-factors
were recently shown to be overwhelm-
ingly  over-represented  at
between TDs>?, strongly suggesting that

enhancers and  promoters

frontiers

these factors may play an important
architectural role in the organization of
higher-order chromatin.’

The genome-wide binding profiles of
different IBPs often overlap with each
other, suggesting that the locus-specific
composition of insulator complexes may
play a role in their function.” Most, if not
all, insulators share the common Centro-
somal Protein 190 (CP190) and/or one of
the Mod(mdg4) isoforms as co-factors.
CP190 is a protein found only in Dro-
sophila and was originally described for its
ability to bind to the centrosome during
mitosis.”> CP190 also plays a central role
in the insulation function of various IBPs.
A large proportion of CP190 binding sites
(~50%) correlate with the presence of
BEAF32, and both factors are enriched at
borders between TDs.'"'>%* Another fac-
tor, Chromator (also known as Chriz/
Chro), was also recently found to be over-
represented at those borders shared by
BEAF32 and CP190°. Chromator forms a
molecular spindle matrix during mitosis
with other nuclear-derived factors (Skele-
tor and Megator),24 localizes to inter-
band regions of polytene chromosomes,
and plays a role in their structural regula-
tion as well as in transcriptional regulation

during interphase.”
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Recently, we used novel biophysical
approaches to investigate the molecular
associations of insulator proteins and the
role of different factors in the formation
of specific long-range interactions
(LRIs).%° First, we revealed that BEAF32
forms a molecular complex with CP190
or Chromator, by performing co-immu-
noprecipitation (Co-IP) and electropho-
retic mobility shift assays (EMSA) on
purified proteins or S2 nuclear extracts.
BEAF32 interactions with those proteins
required the C-terminal domains of
CP190 and Chromator. Those complexes
were also characterized using Fluorescence
Correlation Spectroscopy (FCS). FCS
allows for the measurement of the diffu-
sion time of fluorescently-labeled mole-
cules (DNA or protein) moving across a
confocal detection volume (Fig. 1a).
Upon binding of proteins to fluores-
cently-labeled DNA fragments, the com-
plex increases in size, which is reflected in
an increase in its apparent diffusion time
(Fig. la-d). Using this technique, we
showed that BEAF32 binds specifically to
DNA fragments containing its recognition
binding site, while neither CP190 nor
Chromator were able to form stable com-
plexes under similar conditions. The addi-
tion of CP190 or Chromator to
preformed BEAF32-DNA complexes led
to an increase in the diffusion time, con-
sistent with the binding of CP190/Chro-
mator to BEAF32. Overall, these data
indicated that BEAF32 specifically inter-
acts with CP190 and Chromator, but
could not inform us on which factors may
be required for the formation of LRIs.

In order to determine which factors
may be required to form LRI, we adapted
a novel single-molecule assay based on
fluorescence  cross-correlation  spectros-
copy (FCCS). FCCS measures the corre-
lated fluorescence intensity fluctuations of
2 spectrally-distinct, fluorescently-labeled
molecules to quantitatively determine
whether they are in the same molecular
complex (Fig. la-b). In our assay, we
tested for the formation of protein-medi-
ated LRIs by measuring the correlated
fluctuations in the 2 channels of 2 differ-
ent double-stranded (ds) DNA molecules
labeled with different fluorophores. Corre-
lated fluctuations was a signature of pro-
tein-mediated LRI interactions between 2
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dsDNA molecules (Fig. le-h). On the
contrary, absence of correlation indicated
independent diffusion of the probes in the
detection volume (Fig. 1a-d). The experi-
mental setup used for our experiments
implemented Pulse Interleaved Excitation
(PIE) combined with Time Correlated
Single Photon Counting (TCSPC) detec-
tion, 2 features permitting minimal cross-
talk between fluorophores with single-
sensitivity.””. Using  this
approach, we first showed that despite its
ability to bind DNA specifically, BEAF32
is not sufficient to mediate LRI in vitro.
In contrast, the addition of CP190 or
Chromator to pre-formed BEAF32-DNA
complexes promoted the formation of
intermolecular LRIs. This ability of
CP190 and Chromator to establish LRIs
in vitro required specific contacts between
BEAF32 and their C-terminal domains,
consistent with our Co-IP and EMSA
results. Importantly, the C-terminal
domain of CP190 was not able to estab-
lish the molecular contacts required to
form specific LRIs, suggesting that this
function may be encoded within the N-
terminus of CP190, formed by a BTB/
POZ and a zinc-finger domain.

To test this hypothesis, we solved the
high-resolution structure of the BTB/
POZ domain of CP190, which forms

strict homo-dimers with a large contact

molecule

surface. We reasoned that the formation
of LRIs may necessitate CP190-CP190
interactions mediated by BTB/POZ. To
test this idea, we added CP190-BTB/
POZ to pre-formed BEAF32-CP190-
BEAF32 complexes in trans. In these
experiments, the cross-correlation signal
indicative of the formation of LRIs gradu-
ally decreased with the concentration of
CP190-BTB/POZ, consistent with this
domain being responsible for the molecu-
lar glue holding distant DNA sites
together. Our model for insulator func-
tion suggests that BEAF32/dCTCF/Su
(HW) provide DNA specificity (first layer
proteins) whereas CP190/Chromator are
responsible for the physical interactions
required for the formation of long-range
contacts (second layer).

This biophysical approach shows great
potential to dissect the minimal number
of factors required for the formation of
LRIs in when

vitro.  Importantly,
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combined with specific mutations or dele-
tions, this method can be used to deter-
mine the molecular mechanism involved
in the formation of these contacts: what
proteins domains/regions provide DNA-
binding specificity, which may be respon-
sible for bridging, or what is the role of
protein-protein interactions. The combi-
nation of this methodology with struc-
tural-based methods will
future, the elucidation of the structural
determinants of these mechanisms.

permit, in

Very recently, the composition of insu-
lator complexes responsible for LRIs was
This
showed the existence of ‘indirect peaks’,
defined as sequences enriched in IBPs but

studied  genome-wide.”® study

devoid of insulator sequences. Indirect
peaks were shown to highlight a network
of long-range contacts among distinct IBP
sites through their common cofactor,
CP190. Distinct IBP mutants, in which
interactions with CP190 were prevented,
revealed that the expression of distant
genes associated with indirect peaks was
impaired. These results highlight the
importance of CP190 in mediating LRIs
through recognition of IBPs and further
support our model for insulator function
in which first layer insulators (BEAF32/
dCTCF/Su(HW)) provide DNA specific-
ity while second layer co-factors (CP190/
Chromator) provide the physical interac-
tions required for the establishment of
long-range contacts.

Despite the finding that CP190
directly interacts with several IBPs (e.g.
BEAF32, Su(HW), dCTCF), many of the
CP190 binding sites genome-wide were
unaccounted for. Over the past year, 4
new proteins were shown to interact with
CP190 and to possess insulator function.
Ibfl and Ibf2 were found to localize to
insulator bodies, where IBPs of different
classes are brought together, and associate
with chromatin at CP190-binding sites
throughout the genome.29 The novel IBPs
Pita and ZIPIC were also found to inter-
act with CP190 and possess a partial
enhancer-blocking activity.3 ° The interac-
tion between CP190 and Pita/ZIPIC is,
however, mediated by different CP190
domains: while ZIPIC interacts with the
centrosomal targeting domain of CP190,
Pita interacts with the BTB/POZ domain
of CP190. These studies, together with
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Figure 1. Formation of long-range interactions by insulator proteins studied by PIE-FCCS. (a) Scheme depicting a typical fluorescence cross-correlation
fluctuation spectroscopy (FCCS) configuration. Two fluorescently-labeled dsDNA fragments (black ribbons with green or red stars) are specifically bound
by a DNA-binding protein (protein A, gray ellipse), and diffuse in and out of an excitation volume (yellow to red gradient). (b) This diffusion produces a
time-dependent fluctuation in the fluorescence signals of the green and red-labeled dsDNA fragments (red and green traces). These fluctuations are
independent (uncorrelated) if the red and green-labeled dsDNA fragments are not in the same molecular complex. (c) Auto-correlation functions of free
dsDNA (no protein, black, could represent either green or red-labeled dsDNA), and of protein-DNA complexes formed by the interaction of protein A
with green- and red-labeled DNA (green and red solid lines, respectively). As the shapes of both complexes is the same, the autocorrelation curves are
undistinguishable. Binding of protein A leads to a discrete shift in the curve (compare black and red/green curves). (d) Cross-correlation function
between the intensity fluctuation signals from protein-DNA complexes formed by the binding of protein A (gray ellipse) to green/red-labeled dsDNA.
Absence of cross-correlation is due to the lack of correlated movement of the 2 probes, and indicates that green and red-labeled dsDNA are not in the
same molecular complex. (e) Schematic representation of molecular complexes in which protein B (pink hexagon) bridges green- and red-labeled dsDNA
fragments pre-bound by protein A. (f) The diffusion of these large complexes in and out of the excitation volume leads to a correlated time-dependent
fluctuation in the fluorescence signals of the green and red channels (green and red traces). These fluctuations are correlated at different time-scales.
(g) Auto-correlation functions of free dsDNA, and of protein-DNA complexes formed by the interaction of protein B with green- and red-labeled DNA
fragments pre-bound by protein A. Even when both dsDNA fragments are part of the same molecular complex, the auto-correlation function displays a
single shift in both colors. The size of the shift is larger than in panel (c), due to the increased size of the protein-DNA complex. (h) Cross-correlation func-
tion between the intensity fluctuation signals from protein-DNA complexes formed by the formation of a complex involving both green- and red-labeled
dsDNA. A positive cross-correlation signal at different time-scales indicates protein-mediated interactions between green and red-dsDNA.

dCTCEF or to other IBPs mediate recruit-

our own results, suggest that CP190-BTB/
POZ may have a multifunctional role in
participating of different molecular com-
plexes, as well as in providing the molecu-
lar glue required to bridge long-range
interactions. The dual roles of this domain
in the formation of LRIs and in protein-
protein interactions may be important in
providing a mechanism of regulation of
CP190-dependent LRIs.

Interestingly, a recent study shed new
insight into the possible actors involved in
the role of CP190-dependent insulators in
the opening of heterochromatin.”" This
study showed that CP190 binding to
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ment of the nucleosome remodeling factor
NUREF and the complex dREAM to insu-
lator sites.>’ NURF remodels chromatin
by promoting nucleosome sliding or ejec-
tion and was shown to promote transcrip-
tional activation or repression of target
genes. It is thus a good candidate to medi-
ate the nucleosomal depletion necessary
for chromatin opening at CP190-depen-
dent insulators. dCTCF or CP190,
together with unknown factors, might
prepare the epigenetic landscape such that
dREAM or NUREF target specific chroma-

. . . . . 1
tin modifications at insulator sites.’

Nucleus

A second potential pathway for hetero-
chromatin opening may involve Z4 and
Chromator. A subset of CP190 binding
sites correlate with the binding pattern of
Putzig/Z4 and Chromator,>! while Z4
associates with the Chromator complex to
recruit the kinase JIL-1, which is key in
defining de-condensed domains of larval
polytene chromosomes.**** Importantly,
JIL-1 participates in a complex histone
modification network that characterizes
active, de-condensed chromatin, and is
thought to reinforce the status of active
chromatin through the phosphorylation
of histone H3 at serine 10 (H3S10).
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Figure 2. Schematic representation of models for the putative roles of chromatin insulators in
nuclear organization. Insulator proteins have been ascribed many different functions, schematically
represented in the figure (enhancer-blocking, isolation of TDs, chromatin opening, attachment of
heterochromatin to lamina, recruitment of RNAPII). See annotations in main text for possible mech-
anisms by which insulators may organize higher-order chromatin (models 1-3).

Taken together, these and our data suggest
that BEAF32, in complex with CP190,
may be responsible for the recruitment of
the Chromator/JIL-1 complex to active
chromatin domains to prevent heterochro-
matin spreading and/or in chromatin
opening. This mechanism would be con-
sistent with the observation that BEAF32
localizes primarily to de-condensed chro-
matin regions in polytene chromosomes,
is implicated in the regulation of active
genes and frequently delimits the bound-
aries of chromatin silencing. Interestingly,
a very recent study showed that the target-
ing of CP190 to dCTCF binding sites
within a condensed chromatin locus leads
to large-scale unfolding of the local chro-
matin structure.””> dCTCF was insuffi-
cient to cause locus-specific chromatin de-
condensation, but was required to recruit
CP190 (and probably other factors essen-
tial for chromatin opening) to provide
genomic specificity. But, what specific
roles do insulators play in genome-wide
chromatin organization?

Recent studies have shown that insula-
tor proteins are over-represented at bar-
riers between TDs,>*
suggestion that insulators may play an

leading to the

important architectural role in the organi-
zation of higher-order chromatin.”>® The

www.tandfonline.com

mechanisms by which insulators may
delimit genomic interactions between
proximal TDs is unknown, but several
distinct models have been put forward
(Fig. 2): (1) proximal TDs may be
brought together in a rosetta-like struc-
ture;” (2) the 2 barriers of a single TD
may be joined together by insulator-medi-
ated interactions; (3) the borders of dis-
tant TDs could be brought physically
together despite being genomically dis-
tant. The specific action of insulators may
depend on the chromatin context or geno-
mic locus, so that these mechanisms may
simultaneously co-exist within the cell.
Further work will be required to specifi-
cally test these models to more precisely
define the role of insulators as architec-
tural factors.>

The model proposing distinct roles for
IBPs (BEAF32, dCTCEF, etc) and co-fac-
tors (CP190/Mod(mdg4)) combined with
the preferential, genome-wide localization
of insulator proteins on barriers between
TDs suggest a role for this multi-layer
organization in the establishment of tran-
scriptional states throughout the cell cycle.
First layer proteins remain bound to chro-
matin at all stages of the cell cycle.”?” In
contrast, both CP190 and Chromator
scem to be bound to chromatin

Nucleus

specifically during interphase, and display
a dramatic cellular re-localization during
mitosis: CP190 strongly binds to centro-
somes while Chromator co-localizes with
the spindle matrix.*>* Thus, the dissocia-
tion and cellular redistribution of second
layer insulator proteins during cell divi-
sion could be responsible for the massive
remodeling of chromosome architecture
occurring during mitosis, and for the re-
establishment of higher-order contacts at
the onset of interphase.”® In contrast, first
layer insulator proteins may act as anchor
points for the re-establishment of higher-
order interactions after mitosis, and for
the maintenance of the transcriptional
identity of TDs. Thus, this model suggest
distinct roles for insulator binding pro-
teins and co-factors in actively re-shaping
the organization of chromatin into TDs
during the cell cycle. This model is consis-
tent with recent genome-wide data sug-
gesting that, overall, first layer insulator
proteins remain bound to their binding
sites during mitosis, whereas second layer
insulator proteins tend to show a large
change in binding patterns,””*’
Interestingly, recent Hi-C studies on
cells synchronized in Gl or metaphase
showed that topological domain organiza-
tion describes the organization of chroma-
tin in Gl chromosomes, but during
metaphase this organization is dramati-
cally disturbed.”® Future single-cell Hi-
G40
enlighten us on the specific roles of the
different insulator factors in the remodel-

and microscopy methods may

ing of topological domain structures
throughout cell division and on the spe-
cific roles played by these important pro-
teins in regulating transcription.
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