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Abstract

The activities of RNA polymerases shape the epigenetic landscape of genomes with profound consequences for genome in-
tegrity and gene expression. A fundamental event during the regulation of eukaryotic gene expression is the coordination
between transcription and RNA processing. Most primary RNAs mature through various RNA processing and modification
events to become fully functional. While pioneering results positioned RNA maturation steps after transcription ends, the
coupling between the maturation of diverse RNA species and their transcription is becoming increasingly evident in plants.
In this review, we discuss recent advances in our understanding of the crosstalk between RNA Polymerase I, IV, and V

transcription and nascent RNA processing of both coding and noncoding RNAs.

Introduction

To perform its function, every cellular RNA molecule under-
goes a maturation process. Eukaryotic RNAs undergo a series
of processing steps, including capping, splicing, polyadenyla-
tion, chemical modification, slicing, re-folding, or even se-
quence editing, before becoming mature functional RNAs.
These events not only occur to messenger RNAs (mRNAs)
but also to noncoding RNA molecules and non-RNA
Polymerase Il (Pol Il)-dependent RNAs. In metazoans, most
nascent RNAs can be processed and modified while still as-
sociated with the RNA polymerase (Beyer and Osheim,
1988; Bentley, 2014; Tellier et al, 2020). The cotranscriptional
nature of these processes provides a window of opportunity
that allows functional coupling between them. Thus, the

activity of the RNA polymerase may directly impact RNA
maturation, but nascent RNAs can also, in turn, regulate
transcription (Skalska et al, 2017). The coupling of transcrip-
tion and RNA processing in plants is emerging as a central
regulatory hub to control plant homeostasis. In the last de-
cade, new high-throughput sequencing methods allowed the
profiling of nascent transcript and cotranscriptional process-
ing events. This review discusses recent advancements and
compelling open questions in our understanding of cotran-
scriptional RNA processing.

RNA Pol Il activity and chromatin
The DNA of eukaryotic genomes is packaged into chromatin
(Luger et al, 1997). As Pol Il transcription requires DNA
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templates, chromatin determines key parameters of DNA
processing (Gowthaman et al, 2020). Chromatin represents
an obstacle to the access of Pol Il to initiate transcription
(Workman and Kingston, 1998). DNA packaging is particu-
larly dense in heterochromatin, where little gene expression
generally occurs. The inhibition of gene expression through
altered chromatin compaction forms the basis of “epigenetic
repression,” where gene expression differs even though the
DNA sequence is identical (Cavalli and Heard, 2019).
However, heterochromatin interacts with RNAPII transcrip-
tion in fascinating ways: a low level of noncoding transcrip-
tion contributes to heterochromatin formation in
Schizosaccharomyces pombe (Martienssen and Moazed,
2015), and specialized transcription complexes can direct ini-
tiation in heterochromatic DNA in fruit flies (Drosophila
melanogaster) (Andersen et al., 2017).

Transcription factors (TFs) recognize specific DNA sequen-
ces to direct Pol Il to regions in the genome where tran-
scriptional initiation begins. Thus, Pol Il transcription is
inhibited when the sequences targeted by TFs are not acces-
sible through chromatin packaging (Isbel et al, 2022).
Nevertheless, following the appropriate developmental or
environmental triggers, TF binding can overcome epigenetic
repression mechanisms and initiate Pol Il transcription
(Zaret, 2020; Lai et al,, 2021). Since these TFs can initiate Pol
Il transcription in densely packaged heterochromatin, they
are also referred to as pioneer TFs. Yet precisely how pio-
neer TFs direct epigenome remodeling so effectively is an ac-
tive area of research. In general, TFs recruit several
chromatin-modifying and chromatin-remodeling activities
that prepare promoter regions to initiate transcription
(Haberle and Stark, 2018). Chromatin remodeling linked to
basal TFs clears the promoter DNA from nucleosomes, thus
creating a nucleosome-depleted region (NDR) tightly linked
to the initiation of Pol Il transcription (Andersson and
Sandelin, 2020).

The largest subunit of Pol Il (RPB1) carries a C-terminal
YSPTSPS heptad repeat domain (CTD) that distinguishes Pol
Il from other Pol complexes (I, lll, 1V, and V) (Corden, 2013).
Work in many organisms revealed a converging model
where Pol Il is recruited to promoter DNA with an unphos-
phorylated CTD. Data from yeast discovered paradigms that
appear to apply to other systems. For example, Pol Il CTD
phosphorylation at the serine 5 residue (S5P) by the CTD ki-
nase, part of the Transcription factor Il H (TFIIH) basal TF
complex, promotes transcription of the gene body
(Komarnitsky et al.,, 2000). In addition, CTD S5P contributes
to capping enzyme recruitment, adding the 5-m’G cap to
nascent mMRNAs (Rodriguez et al, 2000). A recent model of
Pol Il transcription proposes that local condensation of TFs
and CTD phosphorylation contribute to phase separation to
clear chromatin from gene promoters to facilitate transcrip-
tional initiation (Cramer, 2019; Guo et al, 2019). Essentially,
intrinsically disordered regions of TFs contribute to protein
aggregations, offering an attractive model for the localized
clustering of molecular activities to establish a cellular
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microenvironment where Pol Il transcription through chro-
matin can succeed.

Pol Il initiates RNA production in both directions at pro-
moter NDRs, specifically at the edges of the +1 and -1
nucleosomes flanking of the NDRs (Andersson and Sandelin,
2020). Initiation at the —1 nucleosome edge often results in
divergent long noncoding transcription (Figure 1A). The
composition and patterns of posttranslational modifications
of flanking nucleosomes have profound effects on the tran-
scriptional output in each direction (Marquardt et al,
2014b): for example, through the effect of histone acetyla-
tion on the frequency of initiation (Gowthaman et al,
2021). Chromatin-based regulatory effects may explain the
low extent of Pol Il divergent transcription in Arabidopsis
(Arabidopsis  thaliana) compared to other eukaryotic
genomes (Kindgren et al., 2020).

Interestingly, the local chromatin topology controls diver-
gent transcription of mRNAs and their associated ncRNAs.
In animals, the formation of short-range chromatin interac-
tions, the so-called gene loops, restrict divergent transcrip-
tion of bi-directional promoter NDRs enforcing transcription
directionality (Tan-Wong et al, 2012). In plants, gene loop
and short-range chromatin interactions influence transcrip-
tional activity controlling the expression and identity of the
mRNAs and ncRNAs produced by a genomic region
(Gagliardi and Manavella, 2020). The transcriptional out-
come triggered by chromatin loops largely depends on
which part of a gene is encompassed within the loop. In
plants, for example, this includes increased efficiency of Pol
Il activity (Crevillen et al, 2013; Liu et al, 2013; Gagliardi
et al, 2019), transcriptional repression (Ariel et al, 2014; Kim
and Sung, 2017; Guo et al., 2018; Gagliardi et al.,, 2019), or re-
stricted antisense transcription (Gagliardi et al, 2019).

Initiation at the +1 nucleosome edge characterizes
mRNA transcription. The + 1 nucleosome provides a barrier
for Pol Il progression after initiation. Plant native elongation
transcript sequencing (plaNET-seq) characterizes nascent
RNAs bound to the RNA-DNA-RNAPII complex. This
method resolves nucleosome barriers as density peaks of na-
scent RNAs near mRNA transcription start sites (TSSs) cen-
tered at the +1 nucleosomes (promoter-proximal stalling,
Figure 1B) (Kindgren et al, 2020). Metagene analyses of
posttranslational histone modification profiling data (e.g
ChlIP-seq) in Arabidopsis suggest that the + 1 nucleosome
coincides with chromatin signatures positively correlated
with mRNA expression (Leng et al, 2020b). In particular, his-
tone acetylation and histone 3 lysine 4 tri-methylation
(H3K4me3) serve as binding platforms to recruit protein
complexes to promote Pol Il elongation and pre-mRNA
processing across species (Buratowski, 2009). The effect of
chromatin-based signaling is reinforced by increasing Pol I
CTD phosphorylation at the serine 2 residue (S2P) through
the Arabidopsis pTEF-b kinase complex (AtCDKC2) (Kitsios
et al, 2008). In several systems, CTD S2P directly recruits
chromatin-modifying enzymes to facilitate elongation
(Buratowski, 2009). In plants, proteomic analyses revealed



1656 | THE PLANT CELL 2023: 35; 1654-1670 Marquardt et al.

500 bp

A

At5g55390.1 At5g55400.1

. +14) @
TranscriptomeReconstructoR e g

At5g55400
All genes with RT tails &= 9

TSS-seq_WT
TSS-seq_hen2 |
plaNET-seq_NRPB2 | } . : = — ey
plaNET-seq_ NRPB2Y732F |"~ e . ) —y

DNAsel-seq_WT| _ J—
MNase-seq_WT | . ) g

TIF-seq_WT

TIF-seq_hen2

B 500 bp
_—
TAIR10 At1g33810.1
TranscriptomeReconstructoR %1 = oaeeseto
sppRNA

Schematic

TSS-seq WT [

TSS-seq_hen2 |
plaNET-seq_ NRPB2 e e e e b e e e e

plaNET-seq NRPB2Y732F [~ S T e T BT e P S

DNAsel-seq WT| __ il
MNase-seq WT| —— — i o e e o |

TIF-seq_WT

TIF-seq_hen2

Figure 1 Arabidopsis promoter-proximal noncoding transcription. A, Divergent noncoding transcription at the At5g55390 locus. IGV genome
browser screenshot of Arabidopsis transcriptomics and epigenomics data. Transcriptome annotation of TAIR10 and from the data-driven annota-
tion tool TranscriptomeReconstructoR (lvanov et al., 2021) are shown. TranscriptomeReconstructoR identifies MC_gene_1448 as a divergent non-
coding transcript respective to At5g55390. Note that the MC_gene_1448 overlaps with the noncoding read-through tail transcript (thin pink line)
of At5g55400. TSS sequencing (TSS-seq) data in Columbia-0 (Col-0) wild-type (WT) (Nielsen et al,, 2019) identified the At5g55390 TSS transcribed
on the crick strand (orange bar facing down). TSS-seq data in the hen2-2 mutant (Thomas et al., 2020) identified the TSS of MC_gene_1448 (blue
bar facing up). Plant native elongating transcript sequencing (plaNET-seq) data for WT NRPB2 and the NRPB2-Y732F mutant acceleration RNAII
transcription are given below (Leng et al., 2020b). plaNET-seq signal for the mRNA genes encoded on the crick strand is shown (gray). plaNET-seq
signal for MC_gene_1448 transcribed on the Watson strand (black) indicated strong divergent noncoding transcription. DNAsel-seq data to map
accessible chromatin regions (blue) and MNase-seq to map nucleosomes (blue) are displayed below (Zhang et al., 2016). These data are consistent
with the interpretation of the At5g55390 mRNA and the MC_gene_1448 divergent noncoding RNA as a divergent transcript pair from a shared
promoter NDR. The positions of the flanking nucleosomes are indicated as gray cylinders. TIF-seq data for Col-0 (WT) and the hen2-2 mutant are
given below (Thomas et al., 2020). TIF-seq data reveals RNA isoforms overlapping with the MC_gene_1448 transcriptome annotation. Here, TIF-
seq in the hen2-2 mutant revealed increased levels. Divergent noncoding transcription from the promoter NDR of the At5g55390 mRNA is thus
supported by data-driven transcriptome annotation, plaNET-seq tracks, TSS-seq and TIF-seq data. B, sppRNAs of mRNA at the At1g33810 locus.
Data described in (A) to offer insight into transcript isoforms at the At1g33810 locus. A schematic distinguishing the sppRNA isoform (purple)
from the mRNA (black) is included. mRNA and sppRNA start from the same TSS (TSS-seq, blue bar facing up), but they are distinguished by their
3'-end. Note that TIF-seq data in the hen2-2 mutant (bottom) reveals sppRNAs as populations of RNAs ending near or shortly after initiation at
the TSS, indicated by the purple TIF-seq signal (here: 3’-ends) overlapping the red signal (here 5'-ends). The sppRNA 3'-ends are positioned near
the center of the + 1 nucleosome indicated by the MNase-seq data (indicated by a gray cylinder). The At1g33810 locus also illustrates a separate
point that reflects reduced Pol Il stalling peaks in the plaNET-seq tracks of NRPB2-Y732F compared to in WT NRPB2 (black signal). Differences are
most clear at the mRNA boundaries where plaNET-seq in WT NRPB2 accumulates.
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the association of separate chromatin-modifying activities
and elongation factors (EFs) to distinct CTD phosphoryla-
tion states (Antosz et al, 2017). Recruitment of the con-
served PAF-I EF complex in several systems (Oh et al, 2004;
Liu et al,, 2011; Francette et al., 2021) supports the view that
the pattern of CTD phosphorylation over genes assists Pol Il
to elongate productively through chromatin templates.

In yeast, a key function for CTD S2P during transcriptional
elongation is the recruitment of histone methyltransferases
that promote histone 3 lysine 36 tri-methylation
(H3K36me3) (Keogh et al, 2005). This mark acts as a scaf-
fold to recruit histone deacetylase complexes. This ensures
low levels of histone acetylation in gene bodies opposite to
the profile of promoter regions (Li et al, 2007). When this
chromatin-based signaling system is impaired in yeast
(Saccharomyces cerevisiae) and Arabidopsis, many cryptic in-
tragenic TSSs are activated, resulting in additional RNA iso-
forms (Venkatesh et al, 2012; Nielsen et al, 2019; Wei et al,,
2019; Thomas et al, 2020). These data highlight that the re-
pressive effect of chromatin signaling positively correlates
with mRNA expression on Pol Il initiation within the elonga-
tion zones, perhaps indicating a mechanism to safeguard
the production of full-length mRNA:s.

This mechanism has important implications in genomes,
for example, when an upstream Pol Il transcript elongates
over the promoter region of a nearby gene. In this scenario,
chromatin signaling of Pol Il elongation represses initiation
from the downstream gene promoter (Kim et al, 2012; du
Mee et al,, 2018; Moretto et al., 2018; Nielsen et al, 2019). In
plants, histone 3 lysine 36 di-methylation (H3K36me2),
rather than H3K36me3, appears to be the chromatin signa-
ture of Pol Il elongation (Leng et al., 2020a). Yet, this equiva-
lent mechanism represses intragenic TSSs (Nielsen et al,
2019) and initiation of mRNA from promoter TSSs when
these are covered by Pol Il elongation from elsewhere in the
genome (Nielsen et al, 2019). In conclusion, chromatin-
based signaling determines the pool of cellular RNAs
through effects on the initiation of competitive RNA iso-
forms that could be generated from the same region of
DNA.

Cotranscriptional processing: the alternative splicing
perspective

In eukaryotes, Pol ll-derived transcripts undergo three major
processing events to produce a mature RNA molecule: 5'-
end capping, by adding the 5-m’G cap to nascent mRNAs;
splicing, the excision of introns within the body of the pre-
cursor molecule; and the generation of a 3/-end, that usually
includes polyadenylation (Proudfoot et al, 2002). Splicing
and alternative splicing were discovered and reported to-
gether in two seminal papers in 1977 (Berget et al, 1977;
Chow et al, 1977). Splicing is the process by which some
regions of an RNA are excised (introns), while others (exons)
are joined together, forming the mature RNA molecule.
Splicing is directed by the splice sites (ss) at the intron/exon

THE PLANT CELL 2023: 35; 1654-1670 | 1657

boundaries. While the 5'ss delimits the 5'-end of the intron,
the 3'ss does the same for its 3’-end (Black, 2003).

Introns and splicing are a hallmark of eukaryotic genomes
(Hawkins, 1988; Deutsch and Long, 1999). Among their pos-
sible functions, enabling alternative splicing is one of the
most enticing (Gilbert, 1978). Alternative splicing is then the
differential recognition of introns by the spliceosome in dif-
ferent RNA molecules of the same gene, giving rise to dis-
tinct alternative splicing isoforms. There are different types
or categories of alternative splicing events (see Figure 2) that
can be summarized as cassette exons, where an exon is in-
cluded/excluded in/from the mature mRNA; alternative 5'ss,
where an exon can be shortened or elongated at its 3'-end;
alternative 3'ss, where an exon can be shortened or elon-
gated at its 5'-end; and intron retention, which is different
to the other possibilities as, in this case, there is no recogni-
tion and usage of different splice sites in competition, but it
is a whole intron (with its 5’ and 3'ss) that is recognized
and then excised or not. Since this process leads to different
variants or isoforms from the same gene, it increases the
transcriptome and, potentially, the proteome (Kornblihtt
et al, 2013; Marquez et al, 2015; Yu et al, 2016).

The cotranscriptional nature of splicing has been beauti-
fully shown using electron microscopy. The ultrastructural
analysis of actively transcribing genes in Drosophila embryos
allowed the direct visualization of nascent transcripts con-
taining splicing loops. Moreover, some of these loops were
already excised in RNA molecules located further down-
stream with respect to the gene (Beyer and Osheim, 1988).
Different lines of evidence obtained from several organisms,
including plants, reinforced this idea (Kornblihtt et al., 2013;
Herzel et al, 2017; Li et al,, 2020; Zhu et al., 2020; Bedi et al,
2021). In Arabidopsis, cotranscriptional splicing efficiency
correlates with the level of gene expression and the distance
between a given intron and the 3'-end of the gene (cleavage
and polyadenylation), and it is also modulated by histone
modifications, as in other organisms. Particularly in plants, it
was found that cotranscriptional splicing efficiency correlates
with the number of introns of a gene but is not related to
the gene length (Zhu et al, 2020). Furthermore, introns with
alternative 5'- or 3'-splice sites are less efficiently spliced (Li
et al, 2020).

Cotranscriptionality implies that splicing and alternative
splicing can be regulated by transcription. Two key models
explain how Pol Il transcription may regulate alternative
splicing, that is, the recruitment and kinetic models, schema-
tized in Figure 3 (Kornblihtt et al, 2013; Schor et al, 2013).
The recruitment model establishes that as Pol Il advances
through the DNA template and synthesizes the RNA mole-
cule, different factors are being recruited to the nascent
RNA molecule and help recognize particular sequences to
process introns (see Figure 3, Recruitment Model). By modu-
lating the recruitment of specific factors during transcrip-
tion, the splicing decisions might also be affected (Auboeuf
et al, 2004; de la Mata et al, 2010). The kinetic model is re-
lated to Pol Il speed or elongation rate. If the Pol Il
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Figure 2 Main alternative splicing outcomes. Cassette exons, an exon is included/excluded in/from the mature RNA; alternative 5'ss, differential
recognition and usage of distinct alternative 5'ss, mature RNAs include an exon with a 3'-end longer or shorter; alternative 3'ss, differential com-
petitive usage of 3'ss generating isoform with a 5'-end of exons extended/shortened; intron retention is the permanence of an intron in the ma-
ture RNA. Boxes represent exons, horizontal lines specify introns, discontinuous lines indicate the recognized and used alternative splicing sites.

elongation rate is accelerated or slowed down, the splicing
outcomes change. The underlying mechanism is based on
the competition between different splice sites. If, for exam-
ple, two splice sites are in competition and both are pre-
sented almost simultaneously, the splicing machinery will
most likely choose the strongest one. However, if the tran-
scription is slow enough, then the most proximal splice site
will be synthesized by Pol Il and presented to the spliceo-
some, earlier in time, giving the site a time window to be
recognized before the other is synthesized. If the proximal
site is the weakest, this time window gives it a chance to be
recognized and used over the other stronger but still
untranscribed splice site (Williamson et al, 2017; Dvinge,
2018).

Changes in Pol Il elongation can be achieved by a net
change in Pol Il speed or by modulating Pol Il pausing in
specific regions along the DNA template. Any factor able to
modulate Pol Il activity is, by these means, capable of regu-
lating alternative splicing and other processing steps that oc-
cur cotranscriptionally. Different factors regulate Pol I
elongation, among them we can establish two general cate-
gories: those affecting the status of the template of tran-
scription, the chromatin state (as explained in the previous
section); and those affecting the polymerase itself, mostly
the phosphorylation state of its CTD (see Figure 3, Kinetic
Model). These mechanisms are deeply connected, as we dis-
cuss in the following section.

Alternative splicing regulation unveils the coupling
between transcription and processing events

During the last decades, it has become increasingly evident
that chromatin state and histone modifications have an im-
pact on transcriptional elongation and, concomitantly, on
alternative splicing decisions, at least for mammals (Jimeno-
Gonzalez et al, 2015 Hu et al, 2017 Jabre et al, 2019).
Interestingly, the coupling between transcription and splic-
ing has also been evidenced as a dominant mechanism in
plants (Henriques and Mas, 2013; Jabre et al,, 2019). In re-
cent years, the underlying mechanisms coupling Pol Il elon-
gation rate and alternative splicing outcomes in plants
started to emerge.

RNA polymerases are composed of a core set of twelve
subunits. NRPB2 is the conserved second-largest subunit of
Arabidopsis Pol II. Interestingly, the NRPB2Y732F mutant
renders a fast Pol Il mutant that mimics its effect in yeast
and shows a decreased RNA-seq intronic signal. This sug-
gests a genome-wide trend toward increased splicing effi-
ciency in plants when Pol Il transcription is accelerated. This
is in opposition to reports in yeast and Drosophila, where
splicing efficiency is increased with a slow elongation rate
(Khodor et al, 2011; Braberg et al, 2013; Aslanzadeh et al,
2018). Furthermore, in mammalian cells, a higher or a lower
elongation rate, compared to the wild-type condition, causes
higher levels of intron retention and an enhanced inclusion
or skipping of specific alternative exons (Fong et al, 2014
Maslon et al, 2019). Hence, perturbing proper Pol II
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Figure 3 Impact of RNA polymerase Il transcription on alternative splicing decisions. The Recruitment Model (top) is based on the recruitment of
splicing factors mediated by interactions with the Pol Il CTD. Binding of SR proteins could favor the usage of different splice sites in competition,
modulating alternative splicing outcomes. In the Kinetic Model (bottom), the regulation of alternative splicing is modulated by the rate of Pol Il
elongation (de la Mata and Kornblihtt, 2006). Slow elongation (left) gives more time for recognition of weak splice sites, while fast elongation
results in the usage of the stronger sites as a result of the competition (right). The rate of elongation can be influenced, among other things, by
the chromatin state that can present obstacles to Pol Il movement and by the level of phosphorylation of different residues in the repeats of the
heptapeptide unit Y1S2P3T4S5P6S7 (42 in Arabidopsis; Dietrich et al,, 1990) of the large Pol ll-subunit CTD. Boxes represent exons, lines represent

introns.

elongation has dramatic and specific consequences in RNA
processing. In this sense, the NRPB2Y732F mutant plants
also show higher levels of intron retentions and changes in
the inclusion of particular cassette exons, with a tendency
toward an increase in the usage of proximal 5'ss and distal
3'ss (Leng et al, 2020b). This was consistently reported,
again in Arabidopsis, using a mutant of NINETEEN
COMPLEX-RELATED PROTEIN 1, which encodes an accessory
spliccosomal component that facilitates spliccosome intron
lariat release, showing a Pol Il occupancy at genes consistent
with a fast Pol Il elongation, similar to the NRPB2Y732F
mutant.

Building upon this, when Pol Il pauses more often, the ef-
fect on alternative splicing goes, in general, in the expected
opposite direction if considering a kinetic regulation of this
process. This is the case when expressing an enhanced mu-
tant for the elongation factor TFIIS, with two key amino
acids of the trigger loop changed (Sigurdsson et al, 2010).
This TFlISmut renders a protein that blocks Pol Il endonu-
cleolytic cleavage in vitro, causing it to pause more often
(Sigurdsson et al, 2010). This mutated factor changes the al-
ternative splicing patterns of several genes in Arabidopsis,
with a strong tendency toward enhanced intron splicing
and an increase in exon inclusion (Dolata et al, 2015). These
results are similar to the observations in animal cells using a

slow Pol Il mutant, the C4 point mutation in its largest sub-
unit (de la Mata et al, 2003). Even though average intron
length and some features of introns and exons substantially
differ between animals and plants, these findings allow us to
conclude that the coupling of splicing and transcription is
conserved in plants as well as the key factors of the splicing
machinery.

Light, one of the most vital environmental determinants
for plant development, promotes transcriptional elongation
in a set of genes whose alternative splicing events are also
regulated by this environmental cue (Godoy Herz et al,
2019). Moreover, these effects are lost when using the
TFlISmut transgenic line, indicating that both processes are
mechanistically coupled (Godoy Herz et al, 2019).
Interestingly, the alternative splicing response to light/dark
transition is altered in chromatin remodeling mutants (i.e.
hd1 mutant for histone deacetylation) or pharmacological
treatments that affect chromatin compaction (i.e. TSA, an
inhibitor of histone deacetylases) (Godoy Herz et al, 2019).
This reinforces the notion that the chromatin state controls
alternative splicing decisions by modulating the Pol Il elon-
gation rate.

Temperature is another environmental cue that pro-
foundly affects plant development. In animals, Pol Il activity
at the beginning and end of genes is altered to modulate
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the transcriptional output to cope with temperature
changes (Rougvie and Lis, 1988; Bunch et al,, 2014). Analyses
of temporal dynamics of nascent Pol Il transcription in re-
sponse to cold using a NET-seq approach in Arabidopsis
showed changes in Pol Il promoter-proximal stalling and at
the 3'-end (Kindgren et al, 2020). In addition, the data sug-
gest that cold modulates the Pol Il elongation rate in gene
bodies and that splicing represents a transient transcrip-
tional barrier at low temperatures in plants. Interestingly,
Pol Il tends to stall 25 nucleotides into introns, and the am-
plitude of this peak correlates with intron length (Kindgren
et al, 2020). Hence, the temperature is another signal that
finely regulates Pol Il elongation to adjust gene expression
to keep up with changes in environmental conditions.

In plants, intron retention is reported as the most fre-
quent alternative splicing event (Ner-Gaon et al, 2004;
Marquez et al, 2012; Zhang et al, 2022). However, determin-
ing whether this is an effective alternative splicing outcome
is not trivial. This is mainly due to the common assumption
that capped and poly(A)-containing mRNAs that retain one
out of several introns are “fully”-processed mature mole-
cules, when there is no certainty if the retained intron can
be/is spliced afterward (posttranscriptionally). It was recently
shown in Arabidopsis, using nanopore sequencing technol-
ogy, that about half of the introns remain unspliced after
Pol Il synthesizes 1kb downstream of the 3'ss. Moreover,
many full-length chromatin-bound RNA molecules are poly-
adenylated yet still contain unspliced introns at specific posi-
tions. These results suggest that intron retention is
overestimated in plants and that posttranscriptional excision
of these introns could generate the reference isoforms when
needed or in response to particular conditions. Such a
mechanism would be a widespread form of intron deten-
tion, which is a specific event of intron retention where
splicing resumes upon a signal or cellular activation
(Boothby et al., 2013; Boutz et al., 2015).

Since intron retention events attracted most attention in
plants, the other options have likely been functionally
underrated (Martin et al, 2021). Long-read-sequencing tech-
nologies promise to increase our knowledge about other
events and their functions in different cell types and condi-
tions and, more importantly, in other plant species.

Termination and 3’-end formation

Termination of Pol Il transcription offers a key mechanism
to diversify the populations of RNA molecules from a single
gene. Alternative polyadenylation (APA) represents a classic
cellular mechanism to inhibit the expression of full-length
mMRNA isoforms through the selection of a polyadenylation
(p(A)) site earlier in the gene (Kamieniarz-Gdula and
Proudfoot, 2019). In plants, APA is a well-defined cotran-
scriptional RNA processing event (Yang et al, 2021) that
controls many aspects of the plants’ life, including develop-
ment, stress responses, hypoxia, and seed dormancy (Cyrek
et al, 2016; de Lorenzo et al, 2017; Yu et al, 2022). During
the regulation of flowering time, the production of full-
length mRNA of several genes encoding RRM domain RNA-
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binding proteins, such as FLOWERING CONTROL LOCUS A
(FCA) and FLOWERING CONTROL PROTEIN A (FPA), are
balanced by APA in large introns (Quesada et al, 2003;
Hornyik et al, 2010; Parker et al, 2021). Interestingly, the
FCA/FPA proteins encoded by the full-length mRNA iso-
forms stimulate intronic APA, highlighting a negative feed-
back loop through APA.

While genetic data supported the hypothesis that FCA/
FPA affects flowering through regulation of the central flow-
ering repressor gene FLOWERING LOCUS C (FLC), molecular
support for APA at FLC remained elusive until the FLC anti-
sense IncRNA COOLAIR was identified (Liu et al, 2010).
Reminiscent of alternative mRNA processing, COOLAIR
expresses several INcRNA isoforms through APA and alterna-
tive splicing (Liu et al, 2010; Marquardt et al, 2014a; Li
et al, 2015). Characterizing the molecular mechanism of
FCA-mediated FLC repression revealed a correlation with
APA of COOLAIR, rather than the FLC mRNA. Subsequent
genetic and molecular dissection elaborated on the chain of
events connecting APA of the IncRNA COOLAIR to
chromatin-based repression of FLC transcription (Wu et al,
2020; Zhao et al.,, 2021).

When APA occurs in an intron, efficient splicing could
eliminate the sequences targeted by APA, thus setting up a
competition between APA and splicing. The Nanopore
Direct RNA sequencing technology allows powerful insight
into genome-wide APA in Arabidopsis (Zhang et al, 2020;
Parker et al, 2021). Molecular characterization of suppressor
mutations and natural allelic variations at FLC suggest that
APA at COOLAIR is in functional competition with splicing
to affect flowering time (Marquardt et al, 2014a; Li et al,
2015). A natural accession of Arabidopsis with a causative
genetic variation at FLC displayed noncoding polymorphisms
that define COOLAIR splicing isoforms (Li et al., 2015). These
data indicate that genetic polymorphisms facilitating adapta-
tion to local environments affect RNA processing of a
IncRNA, which functionally impacts mRNA expression
(Zhao et al., 2021). This is consistent with functional studies
of COOLAIR in the context of natural temperature fluctua-
tions that highlighted a key role of COOLAIR transcripts in
regulating FLC expression in natural temperature fluctua-
tions (Zhao et al, 2021).

It is important to highlight that pre-mRNA cleavage at
the 3'-ends of eukaryotic Pol I mRNA transcripts results in
two RNA molecules: (1) the pre-mRNA that carries a 5'-
m’G cap and a 3'-end that will receive the p(A) tail (i.e.
mRNA) and (2) a noncoding RNA isoform that lacks a 5'-
cap and that is still elongated by Pol Il (i.e. read-through
tail) (Nojima and Proudfoot, 2022). Work in mammalian
cells and yeast suggested the torpedo mechanism for tran-
scriptional termination; it posits that Pol Il transcription
continues until a 5'- to- 3'-XRN exonuclease catches it and
dislodges the polymerase from the template (Kim et al,
2004; West et al, 2004; Proudfoot, 2016). Of note, most
commonly used transcriptomic methods rely on the 5'-m’G
cap or p(A) purifications, thus read-through IncRNA
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isoforms found at all mMRNA genes are missing in genome
annotations unless high-quality data-driven annotation tools
are used (Ivanov et al,, 2021) (Figure 1).

Reminiscent of the competition between splicing and
APA, a kinetic competition between post-p(A) site, Pol I
transcription, and the XRN 5'-exonuclease defines the effi-
ciency of transcriptional termination in yeast (Hazelbaker
et al, 2013). Point mutations in Pol Il increasing transcrip-
tion speed often result in extended read-through transcrip-
tion also in Arabidopsis (Leng et al., 2020b) (Figure 1B). This
observation suggests that accelerated Pol Il can outrun the
XRN exonuclease delaying transcription termination.

The IncRNA isoforms from read-through transcription can
affect the initiation of neighboring mMRNAs through
chromatin-based repression linked to Pol Il elongation.
Specifically, the read-through isoform (asCBF1) of the
IncRNA SVALKA promotes Arabidopsis cold resilience by
limiting the duration of C-REPEAT/DRE BINDING FACTOR 1
(CBF1) expression (Kindgren et al., 2018). Over-expression of
CBF genes increases the resilience of cold-sensitive crops to
cold, yet plant growth is limited, resulting in yield penalties
(Gilmour et al., 2000; An et al,, 2016). Feedback repression of
CBF1 by the SVALKA-asCBF1 cascade may illustrate how
plant genomes limit the CBF expression with IncRNA-based
feedback repression to short intervals, thus harnessing the
benefits of increased cold tolerance without associated fit-
ness penalties. In conclusion, even though the IncRNA iso-
forms resulting from RNA 3'-end formation are missing in
most genome annotations, they can be important to assist
plants in plant—environment interactions.

Metagene representation of plaNET-seq data highlighted a
large density of peaks at the 5'- and 3'- boundaries of genes
encoding mRNAs (Kindgren et al,, 2020). These peaks, which
indicate stalled Pol Il complexes, support the view that na-
scent Pol Il transcripts accumulate before elongation prog-
ress and termination occur. Consistently, plaNET-seq
experiments assaying accelerated Pol Il transcription revealed
a strong reduction of Pol Il-peaks at gene boundaries, sup-
porting the view that a transcription slow-down at gene
borders contributes to these accumulations (Leng et al,
2020b). It is intuitive to imagine how Pol Il stalling at 3'-
ends facilitates transcriptional termination, for example, by
facilitating XRN 5'- to 3/-exonuclease to catch up with Pol I
complexes engaging in read-through transcription.
Conversely, the role of Pol Il low transcription at 5'-ends is
less clear. In Arabidopsis, the position of promoter-proximal
Pol Il stalling maps to the center of the +1 nucleosomes,
reinforcing the view of chromatin-based signal integration
here (Kindgren et al,, 2020).

An attractive model inspired by metazoan data is to inter-
pret promoter-proximal Pol Il stalling as assembled and
elongation-competent Pol Il complexes that are stored on
genes in a poised state (Core and Adelman, 2019). Poised
Pol Il complex could provide a mechanism to accelerate en-
vironmentally triggered transcriptional adjustments since the
steps resulting in transcriptional initiation are already
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completed (Adelman et al, 2005). While this model offers
an intriguing rationale for promoter-proximal Pol Il stalling,
a time course of cold-triggered plant gene induction using
plaNET-seq that could resolve poised complexes offered lit-
tle evidence for mRNA induction based on the release of
poised Pol Il complexes from +1 nucleosome reservoirs in
these conditions (Kindgren et al,, 2020). It will be interesting
to resolve if other environmental responses of plants that
rely on rapid transcriptional gene induction offer more clear
support for plant mRNA induction by releasing poised Pol Il
complexes.

An alternative model for the role of promoter-proximal
Pol Il stalling in Arabidopsis posits that these peak densities
indicate promoter-proximal termination of Pol Il transcrip-
tion (Thomas et al, 2020). Transcript isoform sequencing
(TIF-seq) is a method based on short-read sequencing to re-
solve the 5'- and 3'-ends of individual RNA molecules
(Pelechano et al, 2013). TIF-seq data identified a class of
noncoding RNA that shares the TSSs with mRNA isoforms
but terminates around 100 nucleotides after the TSSs,
named short promoter-proximal RNAs (sppRNAs) (Thomas
et al, 2020) (Figure 1B). The 3'-end position of sppRNAs
coincides with the peak of promoter-proximal stalling at
+1 nucleosomes. In addition, sppRNA-producing
Arabidopsis genes have a higher promoter-proximal Pol Il
stalling signal. These data suggest that promoter-proximal
Pol Il stalling is linked to RNA 3'-end formation shortly after
initiation, resulting in sppRNAs. At first glance, this situation
may resemble a mechanism to repress full-length mRNA
production similar to APA, where transcriptional induction
yields sppRNAs instead of full-length mRNAs. However,
sppRNA formation positively correlates with mRNA induc-
tion, arguing against a repressive role of sppRNAs regarding
full-length mRNA isoform production. Moreover, the elimi-
nation of DNA sequences correlating with sppRNA forma-
tion reduces gene expression in heterologous reporter
assays, perhaps indicating a stimulating effect of sppRNA
production on gene induction during coupling of both pro-
cesses. While the roles of sppRNA formation in mRNA in-
duction remain to be clearly defined, it is conceivable that
short noncoding RNA isoforms could contribute to the con-
densation of chromatin remodeling activities and TFs to fa-
cilitate gene induction (Sharp et al,, 2022). In conclusion, the
discovery of sppRNAs offers a model to reconcile the two
characteristic Pol Il stalling sites at plant genes with func-
tions in 3'-end formation.

Cotranscriptional and posttranscriptional effects of
RNA modifications

Recently, RNA base modifications have attracted attention
in different systems, including plants. This process can be
compared to DNA modifications, as the epitranscriptome
can also be dynamically written, erased, and read, and each
of these events can modulate gene expression. As is the case
for the other mechanisms revisited here, our knowledge of
plant RNA modifications is far more limited than that of
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animals. It is known that N°-methyladenosine (m°A) is the
most prevalent internal RNA modification in eukaryotes,
bacteria, and viruses. Plants are not an exception. From
more than 100 known RNA modifications, besides m°A,
only uridylation and m°C have been identified in plants so
far (Xiao et al, 2016; David et al, 2017; De Almeida et al,
2018; Kumar and Mohapatra, 2021). RNA modifications on
stable mRNAs different from m°A were found mostly associ-
ated with alternatively spliced introns (Vandivier et al,
2015), once again suggesting regulation of alternative splic-
ing decisions directed by these modifications. On the other
hand, m>C modifications in Arabidopsis accumulate in the
CDS and are particularly enriched in mobile mRNAs (Yang
et al, 2019; Zhang et al, 2020).

Within the spirit of this review, the key question is
whether these modifications occur cotranscriptionally, and if
so, whether this process is coupled with transcription. In
this sense, it is relevant to mention that m°A can modulate
splicing through its reader, YTH Domain-Containing 1
(YTHDC1) (Xiao et al., 2016). Briefly, YTHDC1 interacts with
several pre-mRNA splicing factors, including five serine—argi-
nine-rich proteins. Interestingly, while YTHDC1 and SRSF3
(SRp20) mainly contribute to exon inclusion, SRSF10 primar-
ily induces exon skipping (Xiao et al., 2016). This report indi-
cates that RNA modifications can occur cotranscriptionally
affecting downstream processing events. In this sense, m°A
modifications deposited cotranscriptionally near splice junc-
tions affect splicing kinetics. Intronic internal m®A signal is
associated with slow processing and alternative splicing in
human cells in culture. More specifically, intronic m°®A peaks
are associated with upstream or downstream exon skipping
(Louloupi et al, 2018). An interesting example of m°A depo-
sition in a cotranscriptional manner comes from
Caenorhabditis elegans. The deposition of this mark on the
3'ss of the S-adenosylmethionine synthetase pre-mRNA
inhibits its proper splicing and protein production in re-
sponse to a rich diet (Mendel et al, 2021). On the other
hand, m®A in Arabidopsis is enriched not only around the
stop codon and within 3’-untranslated regions (3'-UTRs),
but also around the start codon.

Gene ontology analysis indicates that this unique distribu-
tion is associated with plant-specific pathways involving the
chloroplast (Luo et al, 2014). Loss of m°A from 3'-UTRs is
associated with decreased relative transcript abundance and
defective 3'-end formation (Parker et al, 2020). This is con-
sistent with evidence suggesting that m°A predominantly
protects Arabidopsis mRNAs from endonucleolytic cleavage
(Anderson et al, 2018), which is opposed to the effect in
human cells where this modification promotes decay (Wang
et al, 2014). Remarkably, plant YTH domain proteins that
bind m°A-modified RNAs, mainly EVOLUTIONARILY
CONSERVED C-TERMINAL REGION 2 and 3 (ECT2 and
ECT3), do not seem to affect polyadenylation site choice in
their target mRNAs as previously thought. Though their in-
activation leads to lower steady-state accumulation of their
target transcripts, this is most likely due to cytoplasmic
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effects (Arribas-Hernandez et al, 2021a, 2021b). Hence, this
mechanism is not contributing to cotranscriptional 3'-end
processing decisions.

RNA modifications have cotranscriptional consequences,
such as changing alternative splicing patterns, and posttran-
scriptional effects, such as regulating stability and mRNA
mobility, which are also connected to other processing
events. Of relevance, the disruption of the m°A writer, the
only mRNA adenosine methylase (MTA) in Arabidopsis,
leads to an arrest in embryo development. Interestingly, this
MTA-deficient line has decreased levels of microRNAs
(miRNAs) but accumulates primary miRNA transcripts (pri-
miRNAs). Moreover, pri-miRNAs are methylated by MTA,
and RNA structure probing analysis reveals a decrease in
secondary structure within stem—loop regions of these tran-
scripts in the MTA-deficient plants (Bhat et al, 2020).
Interestingly, this report showed that MTA interacts with
Pol Il through TOUGH (TGH). TGH is also required to effi-
ciently recruit the core miRNA biogenesis complex to the
transcriptional machinery. These findings suggest that m°A
methylation of pri-miRNAs is likely cotranscriptional, linking
the small RNA pathways with transcription.

Small RNA production at the chromatin level
The production of transposable element (TE)-derived sRNAs
(the so-called heterochromatic small interfering RNAs
[siRNAs], hetsiRNA) is long-known to be coupled to tran-
scription. This process, which ultimately leads to de novo
DNA methylation through the RNA-directed DNA methyla-
tion (RADM) pathway, initiates with the transcription, by
the plant-exclusive Pol IV, of TE and repetitive elements. In
a transcriptionally coupled event, the short nascent RNAs
are converted into dsRNAs by the RNA-dependent RNA
Polymerase 2 (RDR2) in Arabidopsis (Haag et al,, 2012; Singh
et al, 2019; Mishra et al., 2021). The direct interaction of Pol
IV with the RDR2 positions this enzyme to rapidly engage
the free 3'-ends of Pol IV transcripts, converting them into
double-stranded RNAs (Mishra et al, 2021). Interestingly,
the Pol IV is not only necessary to recruit RDR2, but its
transcriptional activity directly influences the RADM path-
way. In this sense, while the CTD of Pol IV’s largest subunit
is dispensable for the complex catalytic activity and Pol 1V
termination-dependent activation of RDR2, the levels of 24-
nt siRNA decrease ~80% when the CTD is deleted (Wendte
et al, 2019). This observation strengthens the importance of
the coupling between transcription and the RADM pathway.
After the relatively short nascent RNAs are converted into
dsRNA by RDR2, DICER-LIKE 3 (DCL3) recognizes them to
produce 23- to 24-nt het-RNAs (Loffer et al, 2022). Whether
the association of DCL3 with the Pol IV-dependent dsRNAs
also occurs coupled with transcription remains to be
addressed. On one side, we can speculate that this is a feasi-
ble scenario considering that DCL3 shares protein partners
with  DCL1, such as DAWDLE and PLEIOTROPIC
REGULATORY LOCUS 1, which are likely to associate with
the chromatin and act cotranscriptionally (Zhang et al,
2014, 2018; Gonzalo et al.,, 2022; Mencia et al., 2022). On the
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other hand, the Pol IV transcripts are relatively short,
~30nt, which implies that it is probable that these tran-
scripts are rapidly transcribed, converted to dsRNA, and re-
leased before any further processing can occur (Singh et al,
2019).

Independently of where DCL3 acts, the outcome of its
processing is a pool of 23- to 24-nt siRNAs that, upon load-
ing into ARGONAUTE 4 or 6 (AGO4 or AGOG6), fulfill their
functions guiding the DNA methylation machinery to spe-
cific loci (Duan et al, 2015 Wang and Axtell, 2017). The
methylation of a target locus, normally the same that origi-
nated the siRNAs in the first place, is also coupled to tran-
scription. Here, AGO4/6 recognizes and slice Pol V-nascent
transcripts that act as scaffolds to recruit DNA methyltrans-
ferases to the locus triggering its de novo methylation (Liu
et al, 2018). This coupling between Pol V transcription and
AGO4 recognition of the nascent RNA is a sine-qua-non req-
uisite for RADM as it allows the positioning of AGO4 and
the consequent recruitment of the methylation machinery
adjacent to the target locus. However, recent evidence indi-
cates that AGO#4 targeting precedes transcription and is nec-
essary for the initial recruitment of Pol V, which will then
trigger the cycle of RADM at a transcribed target locus in
Arabidopsis (Sigman et al., 2021).

Once initiated, RADM is a feed-forward cycle that reinfor-
ces DNA methylation at target loci as both Pol IV and Pol V
are recruited to methylated loci. However, how this process
initiates at nonmethylated loci was a long-standing open
question that we only recently started understanding (Hung
and Slotkin, 2021). Based on current evidence, TE-derived
Pol Il transcripts can trigger the production of siRNAs to ini-
tiate RADM (Sigman et al, 2021). These siRNAs can, upon
loading in AGO4, recognize target loci, prime Pol V’s recruit-
ment, and trigger the first round of methylation that will
ultimately promote Pol IV association to fuel the RADM
feed-forward loop (Sigman et al, 2021) (Figure 4). However,
a recent report suggests that Pol V produces low levels of
nonspecific transcripts that can initiate RADM when match-
ing available 24-nt siRNAs produced either in trans or in cis
(Tsuzuki et al, 2020) (Figure 4). It is also likely that the first
round of methylation is not triggered by 24-nt hetsiRNAs, at
least in cis, but by 21-22-nt epigenetically active siRNAs
(easiRNAs) produced after the miRNA cleavage of TE tran-
scripts (Creasey et al, 2014; Ariel and Manavella, 2021).

Besides the well-studied coupling between Pol IV and Pol
V activities and the canonical RADM pathway, the methyla-
tion of DNA triggered by siRNAs can also depend exclusively
on Pol Il transcripts. This is the case of siRNA produced
from highly complementary stem-loop structured tran-
scripts and other Pol ll-derived TE transcripts found at least
in Arabidopsis and sunflower (Helianthus annus) (Sasaki
et al, 2014; Panda et al, 2016; Gagliardi et al,, 2019) and for
DNA-methylation initiated by DCL-independent siRNAs in
Arabidopsis (sidRNAs; Ye et al, 2016). In the first case, cou-
pling between transcription and siRNA production is likely
to occur as the production of these siRNAs resembles
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miRNA biogenesis, a process that, as discussed below, occurs
cotranscriptionally. In the case of sidRNAs, although most of
these molecules are produced in a Pol IV/RDR2 mechanism
reminiscent of the canonical RADM pathway, a fraction of
them relies on Pol Il transcripts.

The proposed model indicates that precursor transcripts
produced by the Pol Il from TE loci can associate with
AGO4. These transcripts are then subject to 3'- to 5'-exonu-
cleolytic trimming for maturation, reaching the canonical
24-nt size. Then, these sidRNAs can trigger de novo methyl-
ation of the locus priming the recruitment of Pol IV to am-
plify the locus silencing by the canonical RADM pathway
(Ye et al, 2016). This offers interesting parallels to S. pombe,
where RNAI relies on Pol Il transcripts to form heterochro-
matin. While RNAi directed to mRNA genes is inefficient,
mutations in the PAF-I complex enhance its efficiency
(Kowalik et al, 2015). The data are consistent with the idea
that PAF-I recruitment, which is linked to phosphorylation
at the Pol Il CTD, prevents heterochromatin formation, per-
haps by favoring productive elongation. It is tempting to
speculate that the loss of the NRPB1-like CTD in Pol IV and
Pol V (Haag and Pikaard, 2011), and thus reduced capacity
to recruit Pol ll-like EFs, could have been key drivers in the
specialization of Pol IV and Pol V to participate in transcrip-
tion for slicing.

Coupling miRNA processing with Pol Il

transcription

Recent evidence in Arabidopsis suggests that miRNA proc-
essing is also coupled to transcription in plants. The earliest
evidence of a potential coupling between transcription and
miRNA processing came from the discoveries that several
proteins known to associate and modulate the Pol Il activity,
such as C-TERMINAL DOMAIN PHOSPHATASE-LIKE 1, the
MEDIATOR complex, NEGATIVE ON TATA LESS2, or
PROTEIN PHOSPHATASE 4, among others, could also regu-
late miRNA biogenesis in plants (Kim et al, 2011; Manavella
et al, 2012; Wang et al,, 2013, 2019). Similarly, many proteins
regulating splicing, a well-known cotranscriptional event,
also affect miRNA production, for example, MOS4-
ASSOCIATED COMPLEX 7 (MAC7), SERRATE (SE), SERINE/
ARGININE-RICH SPLICING FACTOR 40/41, GLYCINE-RICH
RNA-BINDING PROTEIN 7, or the CAP-Binding Complex
(Laubinger et al., 2008; Koster et al, 2014; Raczynska et al,
2014; Chen et al, 2015; Jia et al., 2017). In fact, intron distri-
bution and length directly affect the efficiency of miRNA
precursor processing, suggesting a coupling between miRNA
biogenesis and splicing (Bielewicz et al, 2013; Szweykowska-
Kulinska et al, 2013; Knop et al,, 2017).

Even when it was tempting to speculate that miRNA bio-
genesis was coupled to Pol Il activity, it was plausible that
the identified proteins have dual and independent functions
during transcription and miRNA biogenesis. The discovery in
2015 that the Elongator complex, which interacts with Pol I,
allows the recruitment of DCL1, the RNase responsible for
miRNA production, directly to the MIRNA encoding loci
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Figure 4 Proposed model of RADM initiation. Unmethylated loci containing TEs can be transcribed by Pol Il to produce siRNAs from highly com-
plementary dsRNA hairpin transcripts derived from inverted repeated sequences (Sasaki et al., 2014) (a.i) or easiRNAs after the initial cut of the TE
transcripts by an miRNA-loaded AGO1 and conversion to dsRNA by RDR6 (Creasey et al.,, 2014) (a.ii). A nuclear pool of hetsiRNA is then preferen-
tially loaded into AGO4 or AGO6 (b). AGO-loaded siRNAs will recognize unmethylated target loci either by binding Pol Il transcripts (Sigman
et al, 2021), scarce transcripts produced by surveilling Pol V (Tsuzuki et al., 2020), or even perhaps by direct AGO-DNA interaction (Lahmy et al.,
2016) (c). AGO4/6 then act as a scaffold recruiting Pol V (Sigman et al,, 2021) (d), which in turn initiates de novo methylation of the targeted loci
(e). Methylated DNA will promote the recruitment of Pol IV to the locus (f) triggering the production of RDR2/DCL3-derived siRNAs and initiat-

ing the feed-forward loops of RADM that will keep the locus silenced (g).

provided direct evidence of the microprocessor association
with chromatin (Fang et al, 2015). After this initial discov-
ery, several other components of the miRNA processing ma-
chinery, such as HASTY (HST), HYPONASTIC LEAVES 1
(HYL1), TGH, and MAC7, were found to be associated with
the MIRNA loci (Jia et al, 2017; Bhat et al, 2020; Tomassi
et al, 2020; Cambiagno et al, 2021). These reports
strengthen the idea of cotranscriptional processing of
miRNAs in plants.

Still, the recruitment of the processing machinery to
MIRNA loci does not necessarily imply a coupling between
transcription and the processing of the miRNA precursors. It
could be argued that given the extensive length and com-
plex secondary structures of plant miRNA precursors, even
when the microprocessor is recruited to the loci, it is likely
that transcription ends before the processing could start.
Unlike mammals, where direct evidence showed that the
first processing step by Drosha occurs cotranscriptionally
(Morlando et al, 2008; Nojima et al,, 2015), we lacked such
direct evidence in plants. Only in 2022, by sequencing na-
scent transcripts, we detected miRNA-processing fragments
still associated with Pol I, demonstrating the coupling

between transcription and miRNA biogenesis (Gonzalo
et al, 2022). Cotranscriptional processing of miRNA precur-
sors processed from the loop occurs entirely coupled to
transcription. In contrast, those pri-miRNAs processed from
the base undergo a second nucleoplasmic dicing step. This
difference suggests that the processing complex and the
transcriptional machinery remain bound through their inter-
action with the nascent pri-miRNA (Figure 5).

Still, one of the most outstanding open questions is how
the MIRNA loci are specifically recognized from any other
gene to recruit the processing machinery during transcrip-
tion. In this sense, whether a miRNA undergoes cotranscrip-
tional processing appears to be dictated by R-loops within
the MIRNA loci (Gonzalo et al, 2022). R-loops are by them-
selves cotranscriptional features as these RNA/DNA hybrid
structures are well-known to form during transcription
(Chedin, 2016; Kim and Wang, 2021). Specific proteins likely
recognize these structures facilitating the recruitment of the
processing complex to the MIRNA loci. This could be the
case of FCA at the FLC locus, where the protein association
resolves cotranscriptional R-loops triggering chromatin si-
lencing in Arabidopsis (Xu et al, 2021). Thus, R-loops may
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Figure 5 A “Processing Priming” hypothetical model for the recognition of MIRNA loci and initiation of cotranscriptional processing of pri-
miRNA:s. In a first round of Pol Il-transcription, the dsRNA region of pri-miRNAs is recognized by the microprocessor (represented here by its core
components DCL1 and HYL1) to initiate processing (a). DCL1 is then able to interact with the Elongation complex recruiting miRNA biogenesis-
specific factors, such as HASTY, to the loci (b). The Elongator and Mediator complexes, along with HASTY and other accessory proteins, will then
act as scaffolds promoting the recruitment of DCL1, and the microprocessor, to the primed MIRNA loci (c). This association enables a quick inter-
action of the microprocessor to nascent pri-miRNAs and their cotranscriptional processing (d) in a process that once primed is likely to perpetu-

ate (e).

enable proper chromatin accessibility promoting the recruit-
ment of the microprocessor to MIRNA loci allowing cotran-
scriptional processing.

Since these structures are relatively common in the ge-
nome of Arabidopsis (Xu et al, 2017, 2020) the presence of
R-loops is unlikely the full explanation for the specificity to-
ward the recognition of MIRNA loci. One possibility is that
initial recognition of the dsRNA stem-loop region of a na-
scent pri-miRNA by the processing complex promotes the
association of accessory factors, such as HST or SE, to the
loci reinforcing the subsequent recruitment of the miRNA
biogenesis machinery in a “primer” like mechanism
(Figure 5). If such a scenario is accurate, then the processing
complex may associate with any locus in the genome as
long as a stem-—loop-like structure is transcribed. Thus, it
will be important to explore whether other proteins of the
core miRNA biogenesis complex, namely DCL1 or HYL1, can
bind other non-MIRNA loci in the genome.

Unlike other cotranscriptional RNA processing events,
such as splicing or RNA editing, which can occur continu-
ously as transcription progresses, the biogenesis of miRNA
requires a substantial completion of transcription before it
can happen. At least the entire stem-loop region of an
miRNA precursor must be transcribed and correctly folded
before DCL1 can recognize and slice it, giving the whole pro-
cess a tight temporal window before transcription ends and
the precursor is released. This is particularly relevant for

plant miRNAs, as many precursors are rather long RNA mol-
ecules and contain complex secondary structures. The ob-
servation that changes in temperature and Pol Il speed shift
the frequency of cotranscriptional miRNA processing sup-
ports the idea of a tight temporal window (Gonzalo et al,
2022). Thus, it is likely that Pol Il elongation speed, tran-
scription termination, and cotranscriptional RNA folding
play critical roles in modulating the temporal window re-
quired for cotranscriptional miRNA biogenesis.

The evidence suggests that coupling transcription and
miRNA biogenesis can provide neo-functionalization to ma-
ture miRNAs. This turns the study of Pol Il dynamics and
transcription termination during miRNA biogenesis into es-
sential topics. Surprisingly, it was recently shown that the as-
sembly of the microprocessor at MIRNA loci assisted by
PRE-MRNA PROCESSING PROTEIN 40 (PRP40), a U1 snRNP
auxiliary protein, is not only important to trigger the cotran-
scriptional processing of miRNAs but also to promote Pol II-
mediated transcription of mIiRNA genes (Stepien et al,
2022). This observation indicates that the crosstalk between
the microprocessor and Pol Il is bidirectional, opening the
door to numerous regulatory scenarios.

Conclusions

RNA maturation is commonly represented as a stepwise
process starting at transcription and mostly occurring in the
nucleoplasm. This oversimplified view fails to consider the
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complexity of the chromatin structure and its epigenetic
modifications and ignores the crosstalk between the RNA
polymerases and the complexes carrying out the different
steps during RNA maturation. Within the concept of molec-
ular crowding, caused by packing meters of linear DNA in-
side the nucleus, the coupling of RNA transcription and
maturation presents an energetically and entropically favor-
able scenario. It is already an exciting notion for human
cells, but plants such as Paris japonica, with a genome ap-
proximately 50 times larger than humans, take this concept
to the extreme. In the future, our challenge resides in study-
ing RNA maturation as a process associated with transcrip-
tion while also considering that a nucleoplasm counterpart
coexists. As a matter of fact, we should not only keep an
eye on the interactions of each specific machineries with the
RNA polymerases but also on their interactions with each
other. Understanding whether cotranscriptional processing
and modifications of specific RNAs may lead to differential
functions compared to RNA maturated by canonical post-
transcriptional mechanisms is at the frontier of our knowl-
edge and a topic that we need to tackle in the near future.
The current sequencing technology and the development of
novel methodologies to sequence and characterize nascent
RNAs have put us at the gate of exciting and unexpected
discoveries.
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