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Abstract

Transcription and chromatin function are regulated by proteins that bind DNA, nucleosomes
or RNA polymerase Il, with specific non-coding RNAs (ncRNAs) functioning to modulate
their recruitment or activity. By contrast, nascent pre-mRNA has primarily been considered a
passive player in these processes. Here, we describe recently identified interactions between
nascent pre-mRNAs and regulatory proteins, highlight commonalities between nascent pre-
mRNA and nascent ncRNA function and propose that both types of RNA have an active role

in transcription and chromatin regulation.



Regulators of transcription and chromatin function are localised to genes by binding DNA,
histones or RNA polymerase Il (Pol 11). That RNA can also have a role in the recruitment of
transcription regulators in mammalian cells was first demonstrated for the transactivation
response element (TAR), which is an RNA stem-loop formed at the 5° end of nascent HIV
transcripts that recruits the viral transactivator Tat and the cellular positive transcription
elongation factor b (P-TEFb)!. Studies of long non-coding (Inc)RNAs (IncRNAs) such as X
inactive specific transcript (Xist), Kcngl opposite strand/antisense transcript 1 (Kenglotl) and
HOX transcript antisense RNA (HOTAIR), which associate with polycomb repressive
complex 2 (PRC2)%®, revealed that such specialized cellular RNAs could directly bind
transcription and chromatin regulatory proteins and modulate their recruitment to genes. There
is also evidence that other types of ncRNAs, such as those transcribed from enhancers, also

contribute to gene regulation, in either their nascent or mature forms®°.

Recent studies have revealed that the interaction between RNA and chromatin and
transcription regulators is not limited to specialized ncRNA species. Instead, a number of
ncRNA-binding chromatin regulators interact extensively with pre-mRNA¥!, For instance,
PRC2 directly interacts with nascent RNAs at essentially all active genes, without any
preference for INcCRNAs or pre-mRNAsX. Thus, some of the seemingly ncRNA-specific
properties are emerging to be more general properties of nascent RNA transcripts, including
pre-mRNAs. NcRNA-specific properties are discussed in Supplementary information S1
(box).

Here we present evidence from recent studies suggesting that pre-mRNA has an active role in
regulating transcription and chromatin function. Focusing on mammals and on non-RNAI-
based mechanisms, we first discuss the role of specific RNA elements in coupling RNA
processing with transcription elongation and chromatin modification. We then discuss how
more promiscuous interactions between nascent RNA and transcription factors and chromatin-
modifying complexes can promote or repress their function on chromatin. We conclude by
discussing functional commonalities between different types of nascent RNAs and consider the

relationship between nascent RNA and higher-order chromatin structure.

[H1] Roles of specific RNA elements



Nascent pre-mRNAs can contain specific sequences and structures that regulate Pol 11 pausing
and chromatin modification. Transcription elongation factors bind to sequences at the 5’ end
of cellular pre-mRNAs (Fig 1a), while splice sites influence Pol Il elongation rate and
chromatin modification across the gene body (Fig 1b). At the 3’ end of genes, Pol Il pausing
occurs after recognition of the polyadenylation site (PAS) by cleavage and polyadenylation
factors'? and due to the formation of RNA-DNA hybrids known as R-loops (Fig 1c, Box 1;

discussed in more detail in1#13),

[H3] Nascent RNA at the 5’ end of genes. The recruitment of P-TEFb from the inhibitory
7SK ribonucleoprotein (RNP) complex to the HIV TAR RNA! serves as a paradigm for the
role of nascent RNA in regulating transcription elongation at the 5° end of genes. A related
mechanism seems to be in operation at cellular genes. Exonic splicing-enhancer sequences at
the 5” end of pre-mRNASs can also recruit P-TEFb together with serine/arginine-rich splicing
factor 2 (SRSF2)* (Fig. 1A). Similarly, the negative elongation factor (NELF) complex,
which is a regulator of Pol 1l promoter-proximal pausing, directly binds through its NELFE
subunit to both HIV TARY and to sequence elements at the 5’ end of nascent cellular
RNASs!17, The SPT5 subunit of the DRB sensitivity-inducing factor (DSIF) complex was also
shown in vitro to contact the nascent RNA as it emerges from Pol 11'7 and has recently been
found to specifically interact with the 5’ end of nascent pre-mRNAs at all active genes (T.
Henriques, B.S. Scruggs, R.A. Flynn, M.O. Inouye, G.W. Muse, A. Burkholder, C.A.
Lavender, D.C. Fargo, H.Y. Chang and K. Adelman, personal communication). Thus, the
recruitment of transcription elongation factors to RNA at the 5 end of genes appears to be a

broadly acting cellular mechanism for regulating promoter-proximal pause release.

[H3] Coupling of splicing and transcription elongation. Spliceosome assembly and often
also splicing occur co-transcriptionally at most genes, which allows crosstalk between the
nascent MRNA and Pol Il elongation and chromatin modification (reviewed in'®2%) . Pol II
elongation rate, Pol Il carboxy-terminal domain (CTD) modifications, chromatin
modifications and nucleosome density influence alternative splicing. Reciprocally, splice site
sequences in the nascent pre-mRNA recruit the spliceosome, and Pol 1l pauses at these
sequences, thereby enhancing splicing fidelity. This pausing was first reported in budding
yeast, in which the rate of Pol II elongation was found to generally decrease at 3’ splice sites?.
The pausing was abrogated by both pharmacological inhibition of splicing factors and by

mutation of the splice site or branch point sequence?:?2, The effect of the branch point mutation



was rescued by complementary mutations in the U2 small nuclear RNA, which indicates that
Pol 11 pausing depends on pre-spliceosome formation?'. Genome-wide profiling indicates that
a similar mechanism might operate in higher eukaryotes>2’. Measurement of Pol 11 elongation
rate in Drosophila melanogaster using precision nuclear run-on sequencing (PRO-seq)?’ and
in humans using global run-on sequencing (GRO-Seq)? revealed a reduced rate at exons, with
exon density one of the strongest predictors of elongation rate across the whole gene?2527,
This apparent stalling is dependent on splicing as pausing only occurs at retained exons and
not at skipped exons?’. Profiling of Pol Il Kinetics at nucleotide resolution in human cells with
native elongating transcript sequencing (NET-seq) suggests that Pol II pauses at both 5’ and 3’
splice junctions?2%, however it remains possible that part of this signal reflects the presence of
co-precipitating splicing intermediates. Therefore, further studies will be necessary to fully

confirm the role of the splicing machinery in regulating Pol Il processivity.

[H3] Coupling of splicing and chromatin modification. Coupling of RNA processing with
chromatin modification was initially suggested by the coincidence of certain changes in
chromatin with splice sites. Trimethylation of histone H3 at Lys 36 (H3K36me3) is associated
with exonic sequences and correlates with the level of gene expression and exon inclusion
(reviewed in®®). Splice sites are required to establish and maintain H3K36me3 (REFS 28, 29),
and pharmacological inhibition of U2 small nuclear RNP (snRNP) or direct depletion of its
component SF3B3 (SAP130), results in loss of H3K36me3 enrichment at exons?®3°,
Furthermore, heterogeneous nuclear RNP L, which is a sequence-specific RNA binding
protein that binds to CA-rich RNA motifs, also forms part of the H3K36me3 methyltransferase
KMT3A complex®!. These data indicate that splice sites and other sequence elements on
nascent RNA are important for coupling the recruitment of KMT3A to the elongating Pol 1128
(Fig 1b).

[H1] Blocking transcription repressors

In addition to regulating transcription and chromatin modifications through the presence of
specific sequences and structures, nascent RNA also serves as a more general signal for gene
activity, by blocking the function of chromatin modifiers that would otherwise serve to repress

transcription.



[H3] Polycomb repressive complex 2. PRC2 associates with CpG islands at genes that
regulate development, where it methylates H3K27 to maintain gene repression. The
identification of INcRNAs that bind to PRC2 and modulate its association with chromatin??
led to models in which PRC2 recognizes a specific set of INCRNAS, which then direct it to
specific sites on chromatin. Various RNAs that co-precipitated with PRC2 in mouse
embryonic stem cells were identified by native RNA immunoprecipitation and sequencing
(RIP-seq)®. Surprisingly, most of these RNAs were found to be protein-coding transcripts3.
Using photoactivatable ribonucleoside—enhanced crosslinking and immunoprecipitation
(PAR-CLIP), which is a more stringent technique that only identifies direct cellular protein—
RNA interactions, a specific set of 774 nascent ’ezRNAs’ (named after the EZH2 subunit of
PRC2) were found to be directly bound by PRC2 (REF. 34). These RNAs were proposed to
block PRC2 enzymatic activity, but not the association of PRC2 with chromatin, thereby
poising the genes for future silencing by PRC2 (REFS 34, 35). Expanding on this, a higher
sensitivity analysis of RNA binding by PRC2 using individual-nucleotide resolution cross-
linking and immunoprecipitation (iCLIP) demonstrated that PRC2 interacts with nascent
unspliced RNA at essentially all active genes, of which the previously characterized ezRNAs
were revealed to be the most highly expressed and longest (hence experimentally the most
identifiable) transcripts and thus just the tip of the PRC2-RNA interactome®. This iCLIP
analysis also demonstrated that PRC2 has no preference for InCRNAs or any other RNA
species, which is consistent with in vitro RNA binding data showing that the complex binds

RNA promiscously33=¢,

What is the function of promiscuous PRC2 binding to nascent RNA? Experiments that
degraded the RNA in cells revealed that loss of RNA leads to increased interaction of PRC2
with chromatin at active genes®. Reciprocally, release of PRC2 from chromatin increases its
interaction with RNA°. This suggests that at each gene, PRC2 binding to chromatin and to
RNA are mutually antagonistic: the more nascent RNA, the less binding to chromatin, which
protects active genes from inappropriate silencing by PRC2 (Fig 2A). Consistent with an
antagonistic effect of nascent RNA on PRC2 chromatin binding, inhibition of Pol Il induces
PRC?2 binding to chromatin at active genes®’, forced early-termination of Pol Il through the
insertion of an upstream PAS increases H3K27me3 levels at the promoter®® and insertion of a
promoter and enhancer next to CpG islands blocks PRC2 recruitment®. Furthermore, RNA
competes with nucleosomes for binding to PRC2 in vitro®, and this prevents H3K27

methylation3>3%4%, A role for nascent RNA in modulating the binding of PRC2 to chromatin



is also indicated by the ability of R-loops to antagonise the association of PRC2 with
chromatin®!. PRC2 has also been reported to interact with RNA binding protein fox-1 homolog
2, (RBFOX2), deletion of which reduces PRC2 binding to chromatin at bivalent genes*.
Taken together, these studies support a model in which nascent RNA competes with chromatin
for PRC2 binding, and this prevents PRC2 recruitment to chromatin at transcriptionally active

genes and evicts PRC2 from chromatin upon gene activation.

[H3] Antagonising other chromatin regulators. Nascent RNA also acts to block the activity
of other modifying complexes on chromatin. Using native RIP and electrophoretic mobility
shift assays, DNA (cytosine-5)-methyltransferase 1 (DNMT1) was found to interact with a
non-polyadenylated nascent RNA transcribed across the CEBPA gene®. RIP-seq and
formaldeyhyde (f)RIP-seq revealed that DNMT1 associates with nascent RNA at thousands
of genes, and that DNMT1 is primarily associated with pre-mRNA rather than IncRNAs*Z.
The degree of DNMT1-RNA association is anti-correlated with promoter DNA methylation
in vivo!*3 and, consistent with this, transcription inhibits DNMT1 methyltransferase activity
in vitro**. DNMT3A also binds nascent RNA, which inhibits its enzymatic activity*44°,
suggesting that inhibition by nascent RNA may be a general feature of DNMTs (Fig 2A). The
RNAs bound by DNMT1 and DNMT3A have been described to be members of a distinct class
of non-poly-adenylated transcripts termed ‘extracoding RNAs’#°, However, many of these
RNAs resemble nascent pre-mRNAs, which are readily detected in the polyA- fraction*, and
this suggests that DNMTs have a similar RNA binding profile to PRC2.

RNA also has an antagonistic effect on the H3K9 methyltransferase G9a. The IncRNA ROR
competes with DNA for G9a binding, but this effect is also observed using total RNA
suggesting, as for PRC2, that RNA acts as a general competitive agent for protein binding®’.
A number of other chromatin repressors have been found to associate with mMRNA by fRIP-
seq, including the Lys-specific histone demethylase LSD1 (which also binds the IncRNA
HOTAIR?), chromobox protein homolog 3 (CBX3), and the nucleosome remodeling
deacetylase (NuRD) complex components histone deacetylase 1 (HDAC1) and
chromodomain-helicase-DNA-binding protein 4 (CHD4), all of which preferentially bind
mRNA over IncRNA!. Nascent RNA may therefore generally prevent the association of
repressive factors with chromatin, thus maintaining a chromatin environment conducive to

transcription.



[H1] Recruiting activators

In addition to repressive factors, the nascent pre-mRNA also interacts with transcription and
chromatin regulators that activate gene expression. Such interactions were originally
discovered in studies of ncRNAs termed enhancer RNAs (eRNASs), activatory IncRNAs or
ncRNA-activating (ncRNA-a), which have been suggested to bring activating factors to the
promoters of neighbouring protein-coding genes*®->. The activatory INcRNA HOXA transcript
at the distal tip (HOTTIP) binds WD repeat-containing protein 5 (WDR5), which is a
component of the SET1 and myeloid/lymphoid or mixed-lineage leukemia (MLL) histone Lys
methyltransferase complexes SET1 and myeloid/lymphoid or mixed-lineage leukemia
(MLL)*. Chromatin looping brings the HOTTIP gene and RNA close to genes at the 5’ end of
the HOXA locus, thereby allowing H3K4 trimethylation and gene activation*®. Unbiased
identification of WDR5-associated RNAs using RNA:protein immunoprecipitation in tandem
with sequencing (RIPiT-Seq)? and fRIP-seq'! revealed that WDRS5 is also associated with pre-
MRNA and mRNA and that this positively correlates with H3K4me2 and H3K4me3 levels in
cist’, The histone acetyltransferase P300/CBP-associated factor (PCAF, also known as
KAT2B) and the histone Lys demethylase PHF8, which are both transcription activators, were
also found by fRIP-seq to associate with RNA in a pattern that is positively correlated with
active chromatin modifications!!. These data suggest that nascent RNA can act as a general
binding platform for transcription-activating chromatin modifying complexes. Why chromatin
recruitment of some complexes, such as MLL, is promoted by nascent RNA, whereas the

recruitment of other complexes, such as PRC2, is antagonised by it, is discussed in Box 2.

[H3] Shared functions of nascent pre-mRNA and eRNA

The transcription factor YY1 was originally found to bind to the mature IncRNA Xist®. Using
CLIP, YY1 was found to also interact with nascent pre-mRNA and nascent eRNAs®. In
contrast to PRC2, which becomes associated with chromatin upon RNA degradation, YY1 is
lost from chromatin when permeabilised cells are incubated with RNaseA®*. Furthermore,
tethering of RNA to enhancer DNA increased YY1 binding to chromatin®. This suggested that
RNA functions to “trap” YY1 near DNA, thereby increasing the local concentration of YY1
and promoting its subsequent loading onto neighbouring DNA>* (Fig 2B). This may create a
positive feedback loop in which transcription factors such as YY1 stimulate the transcription
of nascent RNA, which then retain the transcription factors locally®*. Thus, eRNAs might
function to regulate the binding of regulatory proteins to the enhancer DNA, in addition to

having a regulatory role at neighbouring protein-coding genes. This suggests that the binding



of transcription regulators to nascent pre-mRNA and to nascent eRNAs is to a degree
functionally equivalent, with both types of RNAs helping to maintain the activity of the

regulatory elements that are adjacent to them, be that a gene promoter or an enhancer (Fig. 3A).

[H1] Regulatory crosstalk

Regulatory interactions between ncRNA species and protein-coding genes have primarily been
considered to be unidirectional, with the ncRNAs regulating the expression of nearby protein-
coding genes*®>!, However, the ability of YY1 to bind both nascent pre-mRNAs and eRNAs
and the promiscuous nature of RNA binding by chromatin regulators such as PRC2, suggest
that pre-mRNAs may have effects similar to those of nascent ncRNAs in regulating
neighbouring enhancers and genes (Fig. 3a). In support of this, when the promoter of the Arc
gene is deleted, the production of eRNA from Arc enhancers ceases®. Furthermore, it was
recently found that both IncRNA and protein-coding genes can regulate the transcription of
adjacent genes in cis®®. Although this phenomenon can be the result of gene promoters acting
as enhancers for adjacent genes, it can also be dependent on gene transcription or splicing of
the nascent transcript®®.

[H3] Impact of chromatin looping. The regulatory roles of eRNAs and activatory IncRNAs
are thought to be mediated by chromatin looping, which brings them close to their target
genes®®’. Thus, chromatin looping may allow any form of nascent RNA to contribute to gene
regulation in cis. By bringing active genes and active regulatory elements in close proximity,
chromatin looping would increase the local RNA concentration and this may potentiate
retention of activating proteins such as YY1 and MLL as well as help outcompete chromatin
for binding by repressive factors such as PRC2, thereby keeping the chromatin neighbourhood
active (Fig. 3B). For some RNA binding factors, it could be that the local concentration of
RNA in 3D space, rather than the rate of transcription of nascent RNA at a single locus, is the

best predictor of their degree of chromatin binding.

[H3] Formation of chromatin loops. Depletion of nuclear RNA has long been known to
disrupt normal chromatin morphology and disrupt nuclear organisation®®, and long-lived
ncRNAs, such as Xist and repeats-derived RNAs, have a crucial role in maintaining chromatin
architecture®®®°. Accumulating evidence also indicates that transcription has a role in the
formation of higher-order chromatin structures. Depletion of ncRNAs that bind the Mediator

complex reduces chromatin looping between genes and enhancers*®. Consistent with the co-



localisation of Mediator and cohesin and their shared role in anchoring short-range contacts
between promoters and enhancers®:®2, fRIP-seq studies indicate that cohesin also associates
with mRNAX. Furthermore, CLIP data demonstrate that CTCF, which binds chromatin
insulator sites, also directly binds RNA in a promiscuous fashion®®4, These studies suggest a

possible role for nascent RNA in the regulation of chromatin looping.

[H3] Nuclear bodies. Nascent pre-mRNA can also affect nuclear organization by initiating the
formation of nuclear bodies (Fig 3C). Histone locus bodies have high concentrations of histone
pre-mRNAs and are often closely associated with Cajal bodies, which are thought to be
involved in the production and recycling of certain small nuclear RNPs. Experiments of
tethering histone pre-mRNA to chromatin revealed the RNA to be sufficient for the formation
of these bodies®. Similarly, tethering of B-globin mRNA to chromatin results in the formation
of speckles®®, which are nuclear structures that contain a high concentration of splicing factors.

Together, these data argue that nascent RNA has a key role in organizing nuclear architecture.

[H1] Conclusions and future directions
Evidence is accumulating that nascent RNAs, both coding and non-coding, regulate
transcription and chromatin modification. All pre-mRNAs may thus be considered as

‘bifunctional RNAs’®, which possess both coding and regulatory functions.

What is the advantage of nascent RNA having a direct role in transcription and chromatin
regulation? Binding to nascent RNA, which is the product of transcription, provides the most
direct and therefore precise means of feedback to regulate transcription and co-transcriptional
processes. It also supports a highly dynamic system, both temporally and spatially. The ability
of specific sequence elements to regulate RNA processing, transcription elongation and
chromatin modification ensures these processes remain coordinated and occur at specific
positions within the gene. Promiscuous RNA binding by transcription and chromatin
regulatory proteins provides a means to detect transcription per se and promote, or antagonize,
the recruitment of these factors. This may allow formation of positive feedback loops in which
active gene expression states can be maintained. Compared to the relatively spatially-
restricted chromatin fibre, the length and flexibility of nascent RNA increases the nuclear
volume over which a particular gene or regulatory element can make contact with soluble

proteins (the ‘search space’).



A number of experimental approaches will be required to establish how general is the function
of nascent RNA as a regulator of its own expression. More CLIP experiments are required to
confirm direct interactions of regulatory factors with RNAs in living cells, and to identify
where on the RNAS these interactions take place. When seeking to demonstrate the function
of a particular nascent RNA, knock-down experiments are inherently challenging owing to
the transient nature of nascent RNAs and the potential lack of access by the RNAI machinery,
and genetic mutation introduces the confounding effect of changing the DNA sequence.
Antisense oligonucleotides (reviewed in®’) have been used with varying success to degrade
specific nascent RNAs, and CRISPR-mediated RNA cleavage® is expected to provide further
advances. To determine if nascent RNA is sufficient to modulate the recruitment of regulatory
factors, the ability to tether RNA to particular sites on chromatin will be important>655° In
parallel, the identification of the amino acids of transcription and chromatin regulators that
function in RNA binding will be necessary to establish the importance of RNA interaction for
the activity of the proteins. When considering the role of local RNA concentrations,
measurements of how RNA is distributed in 3D space will be key for understanding the impact
on chromatin modification and higher-order chromatin structure. The discovery that, like
DNA, histones and the Pol 1l CTD, RNA is also extensively chemically modified’®, will

further extend our understanding of the regulatory role of RNA in its nascent form.
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Box 1. Nascent RNA can form R-loops that regulate transcription termination and
chromatin modification.

Nascent RNA can hybridise with the underwound template DNA upstream of RNA
polymerase Il (Pol I1), thereby displacing the non-template strand (which can be stabilized by
forming intramolecular G-quadruplex structures)'>!? (Fig. 1C). These RNA-DNA hybrid
structures, termed R-loops, have recently been demonstrated to regulate Pol Il processivity
and chromatin modification at a subset of genes. R-loops formed at the 3’ end of genes cause
Pol 11 to pause and subsequently function in transcription termination’>" (Fig 1C). R-loops at
the 3’ end of genes can also act to promote chromatin condensation. R-loops can induce
antisense transcription at their site of formation and the recruitment of the RNA-induced
silencing complex (RISC)”®. The R-loops and RISC are necessary for the subsequent

recruitment of the histone Lys methyltransferase G9a and of heterochromatin protein 1y’3. R-
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loops additionally promote phosphorylation of histone H3 at Ser 10, which is also associated

with chromatin condensation, although the mechanism underlying this is not yet understood .

R-loops formed at the 5’-regions of genes are associated with a subset of CpG island-
containing promoters that exhibit a strong GC-skew’2. Such promoters exhibit elevated levels
of transcriptionally-active chromatin markers, such as DNasel hypersensitivity and histone
H3 Lys 4 trimethylation’>"" and are protected from DNA (cytosine-5)-methyltransferase 3B -
catalysed DNA methylation. A direct role for R-loops in chromatin modification is suggested
by the binding to chromatin of the histone acetyltransferase complex Tip60—p400 at sites of
R-loop formation and its loss following overexpression of the R-loop-resolving enzyme
RNase H1*. By contrast, RNase H1 overexpression was found to increase binding to
chromatin of the transcriptionally-repressive Polycomb repressive complex 2 (PRC2)*,
consistent with the antagonistic effect of transcriptional activity on PRC2 chromatin

association®%’,

Box 2. Promotion versus repression of regulatory factor activity on chromatin by nascent
RNA

Why does nascent RNA promote the activity of some factors on chromatin but antagonize
others? The answer may lie in the relative affinities of proteins for RNA versus DNA (or
chromatin). DNMT1 has higher affinity for RNA than for DNA*, suggesting that, if present,
RNA may be able to outcompete the DNA for DNMT1 binding. By contrast, YY1 has a higher
affinity for DNA than RNA>, and thus transfer from RNA to DNA will be energetically
favourable. If RNA and DNA (or nucleosome) binding surfaces overlap, this would lead to
mutually exclusive RNA and chromatin binding. In contrast, a protein or protein complex with
independent RNA and DNA binding domains could be recruited to chromatin by RNA and
DNA acting cooperatively. RNA binding can also allosterically modify the ability of proteins

to bind chromatin, and enhance or inhibit their catalytic activity’®7®.

The rate of nascent RNA synthesis might also influence its effect on chromatin. RNA
polymerase I (Pol 1) transcription rates vary between genes and within genes'!8. Proteins
that bind to the RNA when it is being rapidly polymerized might be quickly taken away from
their target sites on chromatin, whereas binding of a protein to RNA that is attached to a stalled
Pol Il could provide more time for the protein to interact with the chromatin nearby. Indeed,
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Pol 11 slows down at YY1 binding sites?®, and this could enhance the capacity of RNA to “trap”

YY1 near chromatin at these sites®.

Figure legends

Figure 1: Nascent RNA couples RNA processing with transcription elongation and

chromatin modification at specific positions along the gene.

A. Positive transcription elongation factor b (P-TEFDb) can be recruited to the 5” end of genes
from the inhibitory 7SK ribonucleoprotein (RNP) through the interaction of the splicing
factor serine/arginine-rich splicing factor 2 (SRSF2) with the pre-mRNA (red). P-TEFb
can then phosphorylate the RNA polymerase Il (Pol 1l) C-terminal domain at Serine 2
(Ser2P). The complexes negative elongation factor (NELF) and DRB sensitivity-inducing
factor (DSIF) also directly bind the nascent RNA at the 5° end of genes through the
NELFE and SPT5 subunits (not shown), respectively.

B. The methyltransferase KMT3A is recruited to specific locations within the gene through
mechanisms dependent on splicing and its interactions with heterogeneous nuclear
ribonucleoprotein L (HNRNPL), contributing to the enrichment of histone H3 Lys 36
trimethylation (H3K36me3) at exons.

C. RNA-DNA hybrids (R-loops) induce Pol 11 pausing and transcription termination at the
3’ end of genes. The nascent RNA can hybridise with the unwound template DNA and
displace the non-template strand, which can be stabilized by forming G-quadruplex
structures (G4). The helicase senataxin is recruited to R-loops by the binding of survival
motor neuron protein (SMN) to the Pol Il carboxy-terminal domain dimethylated at Arg
1810 (R1810)% or through BRCAL (REF 81) (not shown). Senataxin resolves these
structures, which promotes 5'-3' exoribonuclease 2 (XRN2)-mediated Pol Il transcription

termination. PAS, Polyadenylation site.

Figure 2: Nascent RNA modulates the association of regulatory factors with chromatin

to maintain gene activity

A. Nascent RNA can compete with chromatin for binding of repressive chromatin modifiers,
such as polycomb repressive complex 2 (PRC2), which methylates histone H3 at Lys 27,
and DNA (cytosine-5)-methyltransferase 1 (DNMT1) and DNMT3A, which methylate the
DNA at CpG dinucleotides.
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B. Interaction of the transcription factor YY1 with nascent RNA facilitates its transfer to
chromatin. Similarly, the interaction of WD repeat-containing protein 5 (WDR5), which is
a component of the histone Lys methyltransferase complexes SET1 and myeloid/lymphoid
or mixed-lineage leukemia (MLL) with nascent RNA facilitates their transfer to
chromatin and trimethylation of histone H3 at Lys 4 (H3K4me3), thereby forming a

positive feedback loop that promotes gene expression.

Figure 3: Functional similarities between pre-mRNA and nascent ncRNAs and the
formation of higher-order chromatin structures.

A. The interaction of transcription and chromatin regulatory proteins (for example, YY1,
WD repeat-containing protein 5 and polycomb repressive complex 2; green ovals) with
both pre-mRNAs and nascent noncoding RNAs such as enhancer RNAs (eRNAs) and
activatory long non-coding RNAs (IncRNASs), suggests a degree of functional
equivalence between these three types of nascent transcripts, which may all regulate the
binding of proteins to adjacent regulatory regions of chromatin in cis, be these promoters
or enhancers. Thick bars in the DNA: exons.

B. Regulatory interactions between ncRNAs and protein-coding genes may function in both
directions, with the pre-mRNA also having a regulatory impact on enhancer function and
on other genes. Furthermore, chromatin looping may amplify the regulatory effects of
individual RNAs to wider chromatin loci by bringing together neighbouring genes and
regulatory elements.

C. Pre-mRNA is sufficient to initiate the formation of nuclear bodies, such as histone locus
bodies, Cajal bodies and speckles (not shown), suggesting a role in nuclear organization.
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