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More than four decades ago, it was
shown that RNA stably associ-
ates with chromatin. These
indicated that chromatin-associated
RNAs (caRNA) might be involved in
the organization of chromatin structure.

studies

However, it is only recently that pools of
chromatin-associated RNAs were char-
acterized and functional studies were
initiated. In Drosophila cells, an RNP
complex consisting of snoRNAs and
Decondensation factor 31 (Df31) is stably
tethered to chromatin, mediated by the
RNA- and histone-binding activities of
Df31. Biochemical and functional char-
acterizations suggest a structural role of
this complex in chromatin organization.
The binding of the Df31-snoRNA com-
plex to chromatin results in the opening
and the maintenance of accessible higher
order structures of chromatin. We sug-
gest that different classes of chromatin-
associated RNDPs are required for the
targeted opening of higher order struc-
tures of chromatin, enabling the activa-
tion of DNA-dependent processes such
as transcription.

Introduction

Chromatin represents the packaged and
highly compacted form of our genome in
the cell nucleus. The fundamental unit of
chromatin is the nucleosome, composed
of 147 bp of DNA wrapped around an
octamer of H2A, H2B, H3 and H4 core
histone proteins. Millions of nucleosomes
are arranged like “pearls on a string,”
separated by a short linker sequence. This
nucleosomal chain is folded into several
higher order levels of chromatin struc-
ture, further compacting the DNA. The
structural organization of the different
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levels of higher order structures remains
these
obviously present a significant barrier for

enigmatic; however, structures

sequence-specific  recognition, imped-
ing the access of regulatory proteins to
DNA. However, chromatin is the natural
substrate for DNA-dependent processes,
such as control of gene expression, DNA
replication, recombination and repair.>4°
Therefore, active mechanisms to alter the
higher order structures of chromatin to
regulate DNA accessibility, such as the
ATP-dependent chromatin remodeling of
nucleosomes, must exist.

The co-fractionation of RNA mol-
ecules with chromatin was shown more
than four decades ago. Chromatin isolated
from different organisms, such as pea, calf,
chicken and fruit fly, exhibited 2—-10% of
the total nucleic acids found in chromatin
being stably associated RNA.'" Initially,
it was suggested that these chromatin-
associated RNAs (caRNAs) were nascent
transcripts still being tethered to chroma-
tin via RNA polymerase or contaminants
from the isolation procedure.'>'* However,
studies from the late 1970s described a
possible role of these caRNAs in chroma-
tin organization. It was hypothesized that
caRNAs might play an activating role in
the regulation of transcription. In this
hypothesis, caRNA functions as an “acti-
vator” for the transcription of an “accep-
tor gene” by sequence-specific interactions
between RNA and DNA, suggesting that
“chromosomal RNAs may function as a
sequence detector for chromosomal pro-
teins”.” Recent studies shed light onto the
function of caRNAs in chromatin orga-
Chromatin-associated RNAs
were isolated from different human cell
lines, such as Hela, human skin fibro-

blast and K562 cells. High-throughput

nization.
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Figure 1. Model depicting the function of the chromatin-associated RNP complex on the higher order structure of chromatin. Different complexes
consisting of Df31-like proteins and specific RNA molecules exist that target specific genomic regions to establish an accessible chromatin configu-
ration. The RNA and chromatin binding proteins like Df31 could tether the snoRNAs stably to chromatin. The mechanism of chromatin opening is
potentially initiated by the cooperative binding of the snoRNP complex to chromatin, forming an RNP network that interferes with the ordered folding

analyses revealed that a heterogeneous
pool of RNAs was associated with chro-
matin. Furthermore, initial functional
characterizations indicated roles for caR-
NAs in chromatin organization and in the
regulation of genomic activity.'*'®

We recently addressed the potential
function of chromatin-associated RNA
in Drosophila SL2 cells.” The packag-
ing of chromatin into the different levels
of higher order structures can be partially
assessed by its sensitivity to endonucle-
ases. Compact chromatin is less accessible
to hydrolysis by the endonuclease micro-
coccal nuclease (MNase), an enzyme that
preferentially hydrolyses DNA with a
preference for accessible open chromatin
structures.”” We initiated our study by ask-
ing how depletion of nuclear RNA would
influence MNase-dependent chromatin
accessibility. To our surprise, chromatin
formed a heavily compacted structure
in the absence of RNA, suggesting an
important role of RNA in maintaining
open chromatin structures. We were able
to reconstitute a close to native chromatin
system in vitro, including chromatin-asso-
ciated RNA, using a Drosophila embryo
extract. Using this in vitro system, we
could show the reversible effect of RNA
withdrawal and addition on the opening
and closing of the higher order structures
of chromatin. Decreased MNase acces-
sibility of chromatin directly correlated
with RNA depletion and was shown to
depend on a change in the chromatin
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conformation. The in vitro system was
used to identify the players that modu-
late changes in higher order structures
of chromatin. The chromatin-associated
RNAs were identified by high-throughput
sequencing. RNA analysis revealed that
a fraction of low-abundant snoRNAs is
bound to chromatin (46 out of 186 in
the transcriptome). Individual snoRNAs
of this pool were shown to be capable of
opening higher order structures of chro-
matin in the in vitro assay. In addition,
two of these snoRNAs, MeS28-U2134b
and MeS28-G980, were verified by RNA
FISH experiments and could be identified
in the active, euchromatic interbands of
Drosophila polytene chromosomes.

The quantitative mass spectrometry
approach identified 59 proteins with the
potential to interact in an RNA-dependent
manner. One of the most interesting can-
didates was Decondensation factor 31
(Df31), which was identified in a Dam-ID
screen to be exclusively present at euchro-
matic regions.?! The knockdown of Df31
in S12 cells resulted in chromatin compac-
tion. In vitro assays identified the capabil-
ity of this protein to bind single-stranded
RNA, with a preference for the snoRNAs,
and we showed that Df31 preferentially
binds to H3 in vitro. The interaction of
Df31 to histone octamers is stabilized
by RNA, as indicated by pull-down
experiments. Thus, Df31 forms an RNA-
dependent complex tethered to chroma-
tin in vivo and in vitro, suggesting that
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this snoRNA-Df31 complex establishes
and maintains accessible euchromatic
domains. Further studies will address the
molecular mechanisms and ask whether
the RNP complexes initiate chromatin
opening and/or if they are required to

maintain an accessible structure.

Novel shoRNP
Complexes and Their
Chromatin-Specific Functions

We hypothesize that the targeting of
snoRNP complexes to chromatin distorts
the higher order structures of chromatin,
resulting in an open structure that allows
the binding of regulatory factors (Fig. 1).
In our study, we identified one complex
consisting of Df31 and snoRNA; how-
ever, we suggest that many different com-
plexes consisting of Df31-like proteins
and specific RNA molecules exist that tar-
get specific genomic regions to establish
an accessible chromatin configuration.
The snoRNAs would be stably tethered
to chromatin by specific proteins simulta-
neously binding to RNA and chromatin,
such as Df31 (Fig. 1). Evidence support-
ing this assumption is the fact that the
snoRNAs tested in FISH experiments
target specific loci on Drosophila poly-
tene chromosomes. The targeting mecha-
nism of the snoRNTP complex remains
unclear. Df31 was shown to bind to the
genomic regions characterized as red and
yellow chromatin, two distinct forms of
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Table 1. RNAs influencing chromatin organization thereby enhancing gene activity

RNA name Length Properties Organisms Influence on chromatin organization Publications
The presence of the CAR Intergenic10 positively correlates
CARs Long ncRNA Human with the dimethylation of H3K4 at gene promoters and gene 16
transcription.
Enhancer RNAs 50-2,000 nt ncRNA Mouse e eRNA—.d.epen.dent foepeiing betyvegn enharTcer EIE| 1o 22-25
motor positively influences transcription of adjacent genes.
ncRNA-a e ncRNAs, Human The expression of target genes is potentiated in a ncRNA-a- %
capped, poly A dependent manner.
Chromosomal looping brings HOTTIP into close proximity
. ncRNA, capped, to its target genes. HOTTIP RNA binds the adaptor protein,
HOIE( et 3764t poly A Human WDRS5 driving histone H3 lysine 4 trimethylation and gene 2
transcription.
600-— RNA-dependent recruitment of the activator MSL-complex
roX RNAs 3700 nt ncRNA Drosophila leads to changes in histone marks resulting in enhanced 28,29
! x-chromosomal transcription.
HSR1 lerg ncRNA Mammals HSR1 changes the localization and activity of the activating 30

euchromatin.?’ Df31 interacts with his-
tone H3 and could be recruited by spe-
cific post-translational modifications.
The mechanism of chromatin opening
is potentially initiated by the coopera-
tive binding of the snoRNP complex to
chromatin, forming an RNP network
that interferes with the ordered fold-
ing of higher order structures, an effect
observed in our in vitro assays (Fig. 1).
The question whether these RNP com-
plexes are involved in chromatin opening
and/or maintain chromatin accessible has

to be addressed in further studies.

RNAs Regulating
Chromatin Organization
and Genomic Activity

Despite the snoRNAs, characterized in
our studies, which influence chromatin
higher order structures, several other RNA
species were shown to regulate chromatin
organization and to enhance gene activ-
ity (Table 1). Exemplarily, a fraction of
long ncRNAs in human fibroblasts, called
CARs, was shown to enhance the activ-
ity of nearby genes in cis."® Furthermore,
non-coding transcripts originating from
transcribed (eRNAs) were

shown as being markers for the activity
22-25

enhancers
of adjacent genes in mouse neurons.

Another fraction of human long ncRNAs,
called ncRNA-a, was identified to possess
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TF (HSF1) thereby enhancing gene activity.

enhancer-like functions, thereby increas-
ing target gene activity in cis and trans.”
The lincRNA HOTTIP was shown to
recruit a transcriptional activator complex
to human target genes.” Similarly, the roX-
RNAs are part of a RNP-complex enabling
hypertranscription of the single male
x-chromosome in dosage compensation in
Drosophila.*®*  Furthermore, the HSRI
ncRNA was shown to change the localiza-
tion and activity of the HSF1 transcription
factor upon heat shock in mammals.®® The
examples show that non-coding RNAs
employ different mechanisms to regulate
gene activity and global chromatin struc-
ture. However, also coding RNAs seem
to regulate gene activity as ciRNAs were
detected to be part of transcription factories
in human and mouse."?" Our recent study
amplified the set of RNAs influencing gene
activity by the snoRNAs and add an addi-
tional mechanism in that RNP-complexes
directly alter the compaction state of higher
order structures of chromatin.”

snoRNAs Acting on Chromatin

So far, the highly abundant and well-
structured  snoRNA  molecules
shown to play a role in RNA editing and
ribosome biogenesis.** In eukaryotes, two
specific modifications, 2'-O-methylation
and pseudouridinilation, are directed by

the box C/D and H/ACA snoRNAs.?

were
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Potential new functions of the
snoRNAs may arise from several high-
throughput RNA sequencing studies that
revealed the tight association of snoRNAs
and other RNA species with chromatin.'®!®
In addition, several protein components
of C/D snoRNPs were linked with chro-
matin remodeling and with transcription.
The yeast homologs of the human snoRNP
proteins p55 and p50, called Rvbl and
Rvb2, have been shown to form a dimer
with ATPase activity in vitro and to pos-
sess chromatin-remodeling activity in vivo.
These proteins affect the transcription of
5% of the yeast genome.**?¢ In addition,
Rvblp and Rvb2p are components of the
chromatin-remodeling complex INO80
that is involved in transcription regula-
tion and genomic stability.”*® Human
p50 and p55 were also found to interact
with the histone acetylase TIP6O0, acety-
lating nucleosomes in vitro and possess-
ing ATPase and DNA helicase activity.”
Furthermore, the well-described snoRNA-
binding proteins Nop56p/Nop58p interact
with matrix-attachment regions (MARs)
in plants, which are thought to organize
chromatin domains.* Additionally, p55
was identified in the MARs, suggesting a
function of the snoRNA-binding proteins
in the structural organization of chroma-
tin.* A link to transcription activation is
provided by the association of rat p55 with
TBP and RNA polymerase I1.424
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Protein components of the snoRNA-
containing RNTP complexes were iden-
tified in chromatin-specific processes,
raising the possibility that they func-
tion in conjunction with the snoRNA.
However, direct evidence for the presence
of the snoRNAs is missing, and it is possi-
ble that the proteins function in absence of
the RNA molecules. With respect to the
chromatin-specific function of snoRNAs,
it is possible that the chromatin-associated
snoRNAs form novel RNTP complexes
containing chromatin-specific proteins,
replacing the classical snoRNA-binding
proteins.

Potential Mechanisms
of caRNA-Mediated
Chromatin Opening

Further studies are needed to address the
mechanism of chromatin opening by the
snoRNA-containing complexes. We envi-
sion five potential ways by which this
snoRNA-Df31 complex may function.
(1) The 30-nm fiber, representing the first
level of higher order structure of chro-
matin, is stabilized by internucleosomal
interactions. The interaction of the his-
tone H4 N-terminal domain (NTD) with
a “charge patch” on the surface of H2A
represents one type of such direct inter-
nucleosomal contact.** The binding of
Df31 to the H3 tail of the nucleosome
that is near the H4 NTD may disturb
these internucleosomal interactions by
steric hindrance and indirectly impair the
folding of chromatin.“*” It was previously
shown that histone NTDs do specifically
bind to the sugar-phosphate backbone of
nucleic acids.” Therefore, the presence of
the snoRNA in the complex could pres-
ent a binding site for the histone NTDs,
resulting in the stabilization of snoRNA-
Df31 binding with chromatin and the dis-
tortion of internucleosomal interactions.
(2) The histone H3 NTD also contrib-
utes to the formation of the higher order
structures of chromatin by stabilizing the
30-nm fiber through interarray interac-
tions.*' The known interaction of Df31
with this histone tail would destabilize the
higher order structures of chromatin. (3)
The higher order structures of chroma-
tin correlate with the presence of specific
histone modifications and proteins, such
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as HP1 and HI, associated with chro-
matin. Df31 was shown to interact with
Su(var)3-9, which acts with H3K9 meth-
yltransferase in heterochromatin forma-
tion.”> On one hand, Df31 could bind
Su(var)3-9 and prevent histone H3K9
methylation, which is necessary for the
HP1-mediated chromatin compaction.”
On the other hand, the highly abundant
Df31 may compete with Su(var)3-9 for
histone binding because both proteins tar-
get the H3 tail.

Df31 was also shown to interact with
the chromatin-remodeling enzyme Iswi,
an enzyme that is required for the com-
paction and HI incorporation of chro-
mosomes in Drosophila>>>*> The highly
abundant Df31 protein could compete
with HI for Iswi binding or modulate the
activity of the enzyme, thereby impairing
the local assembly of heterochromatin.
(4) Two additional features of Df31 could
contribute to its chromatin-opening activ-
ity. First, it was shown that the protein
contains histone-chaperoning activity,
and second, Df31 is capable of mediat-
ing interstrand bridging.“® Both activi-
ties could introduce irregularities into the
chromatin fiber and destabilize the higher
order structures of chromatin. Such irregu-
larities are present in euchromatic regions,
exhibiting nucleosome-free regions and
irregularly spaced nucleosomes.””  (5)
Cooperative binding of Df31 and RNA
to chromatin in vitro, together with the
interstrand bridging activity of Df31, sug-
gest the spreading of the snoRNA-RNP
within a targeted locus. The formation of
an RNP network could stably maintain
the accessibility of higher order structures
of a larger chromatin domain, enabling
DNA-dependent processes, such as tran-
scription and replication (Fig. 1).
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