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ABSTRACT

Understanding gene expression requires grasping its multi-step processes, from chromatin remodel-
ing to mRNA export. This manuscript provides an accessible entry point for PhD students and junior
postdocs beginning research in this area, using yeast as a model organism. We present a beginner-
friendly overview of gene expression, emphasizing the dynamic interplay between chromatin mod-
ifications, transcription, mMRNA processing, and export. Key topics include chromatin organization,
with a focus on H2B ubiquitylation and H3 methylation crosstalk; transcriptional control by RNA
polymerase lI, including initiation, elongation, and termination; and the export of mRNAs via Mex67-
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Mtr2, adaptor proteins, and the TREX and TREX-2 complexes at the nuclear pore complex. Relevant
examples from yeast genetics, biochemistry, and structural biology illustrate each step. This overview
aims to equip new researchers with foundational knowledge and provides references to key studies,
current challenges, and open questions in the regulation of gene expression.

Chromatin organization in Saccharomyces
cerevisiae

The genomic sequence of budding yeast
(Saccharomyces cerevisiae) was the first eukaryotic
genome to be fully deciphered [1]. Its annotation
was completed and made available two years later
through the Saccharomyces Genome Database
(https://yeastgenome.org [2]). Subsequent resequen-
cing in 2014 revealed remarkably low genetic varia-
tion across strains, underscoring the stability of the
yeast genome [3]. The haploid yeast genome spans
approximately 12.1 megabase pairs (Mb) of DNA
distributed across 16 chromosomes, each ranging
from 250 to 2,500 kilobase pairs (kb). Of the ~ 6,500
annotated open reading frames (ORFs), approxi-
mately 6,000 are predicted to encode proteins. All
this corresponds to a total DNA length of about 4.1
millimeters — roughly 400 times longer than the 10-
micrometer yeast cell itself — highlighting the extra-
ordinary degree of DNA compaction required to fit
the genome into the nucleus. To achieve this level of
compaction, the DNA is not left in a naked, linear
state but is wrapped around histone proteins to form
nucleosomes, the basic units of chromatin [4]. This

chromatin structure not only condenses the genome
to fit within the nuclear space but also plays a critical
role in regulating access to genetic information and
protecting DNA integrity.

The fundamental building block of chromatin is
the nucleosome, in which 146 base pairs of DNA
are coiled around an octameric complex composed
of four histones. The histone octamer is composed
of two copies each of histones H3, H4, H2A, and
H2B, which are arranged into two H2A-H2B
dimers and a tetramer of H3 and H4 [5,6]. In
metazoans, the linker histone H1 binds to the
DNA between nucleosomes - known as linker
DNA - and helps stabilize the structure of chro-
matin by promoting its compaction. In budding
yeast, Hhol has a similar structure but does not
play the same functional role. Although it can
associate with chromatin, its absence has minimal
effects on processes like transcription, DNA repair,
and meiotic recombination, suggesting that Hhol
is not essential for organizing chromatin between
nucleosomes in yeast [7,8].

Histones are present in all eukaryotic organisms
and are relatively small proteins (~11 kDa), rich in

CONTACT Joan Serrano-Quilez 8 jserrano@ibv.csic.es; Susana Rodriguez-Navarro @ srodriguez@ibv.csic.es @ Instituto de Biomedicina de Valencia (IBV),

CSIC, Valencia, Spain

© 2025 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://orcid.org/0000-0002-6578-8463
http://orcid.org/0000-0001-7472-3111
https://yeastgenome.org
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/19491034.2025.2516909&domain=pdf&date_stamp=2025-06-12

2 (&) J. SERRANO-QUILEZ AND S. RODRIGUEZ NAVARRO

arginine and lysine. This results in a positive
charge, which enables them to interact with nega-
tively charged phosphate groups in the DNA scaf-
fold [9]. Histones contain a central ‘histone-fold’
domain composed of a-helices that mediate his-
tone — histone interactions within the nucleosome
core. Extending from this core, the flexible
N-terminal tail is intrinsically disordered and
serves as a key regulatory element. These tails are
subject to post-translational modifications that
modulate interactions among histones, DNA, and
other chromatin-associated proteins [10,11].

Other processes also influence how histones
interact with DNA, including the incorporation
of histone variants into nucleosomes and the
action of chromatin remodeling complexes that
utilize energy derived from adenosine triphosphate
(ATP) hydrolysis to reorganize nucleosomes, such
as the SWItch/sucrose non-fermentable (SWI/
SNF) complex [12,13].

Chromatin is a highly dynamic structure whose
varying levels of compaction regulate DNA accessi-
bility. Euchromatin, characterized by a more open
conformation, permits access to the transcriptional
machinery and is typically associated with active
gene expression. In contrast, heterochromatin is
more densely packed and often enriched in silenced
or inactive genes. These structural states influence
not only transcription, but also essential processes
such as replication, DNA repair, and chromosome
segregation. Consequently, the mechanisms that
modulate chromatin compaction - by promoting
transitions between relaxed and condensed states —
are central to genome regulation and cellular func-
tion [14-16].

Histone post-translational modifications

Post-translational modifications (PTMs) of his-
tones are covalent and reversible changes that
alter chromatin structure by affecting the physical
interactions within and between nucleosomes, as
well as between histones and DNA. This can be
achieved by changing the electrostatic charge of
nucleosomes or by giving rise to new recognition
or binding sites for various proteins [11].

Most histone modifications occur on the pro-
truding N-terminal tails, although some also target
the globular histone fold and the C-terminal

domain [17]. The main PTMs include acetylation,
ubiquitination, methylation, phosphorylation, pro-
line isomerization, and SUMOylation [18]. In
recent years, a number of new modifications,
including acylation, crotonylation, serotonylation,
propionylation, and glutarylation, among others,
have been discovered [19].

Histone PTMs often act in a coordinated man-
ner, with certain modifications influencing the
establishment or removal of others [20]. Among
these, histone ubiquitylation and methylation are
particularly noteworthy — not only for their central
roles in regulating transcription elongation but
also for their hierarchical influence over other
modifications, such as acetylation (as discussed
later). In this review, we will therefore focus on
these two PTMs to illustrate how chromatin struc-
ture and gene expression are dynamically coordi-
nated through their interplay, and to provide
a more targeted discussion.

Histone ubiquitination

Protein ubiquitination entails the covalent attach-
ment of a 76-amino acid molecule (ubiquitin) to
protein residues. Polyubiquitination operates as an
identifier for targeting proteins for degradation by
the proteasome, whereas monoubiquitination
functions as a signal for diverse cellular processes
and modifies protein function rather than target-
ing it for degradation [21]. Ubiquitin is unusually
large for a histone modification, measuring
approximately 8.5 kDa - nearly the size of an
entire histone, which typically ranges from 11 to
15 kDa [22,23].

A remarkable example of the addition of ubi-
quitin to histones in S. cerevisiae is the monoubi-
quitination of histone H2B at lysine 123
(H2BK123ub;' lysine 120 in mammals), which is
situated in its C-terminal helix. This modification
has been linked to a variety of cellular processes,
including cell growth, generation and repair of
double strand breaks (DSBs) during meiosis, tran-
scription initiation and elongation; and increased
processivity of RNA polymerase II (RNAPoIII)
[24]. The function of H2BK123ub' in these pro-
cesses has been proposed to involve the relaxation
of chromatin caused by a disruption of internu-
cleosomal interactions due to both the location



and size of the modification, which allows the
binding of other molecules [25,26]. Other research
also suggests that H2BK123ub' contributes to
nucleosome stability, facilitating the association
and progression of transcription factors [27,28].

In the yeast cell, H2BK123ub' is catalyzed
in vivo by the E2-conjugating enzyme Radé,
together with the E3 ligase Brel and the accessory
protein Lgel [29-32] (Figure 1(a)).

In addition to Rad6, the presence of the
RNAPolll-associated factor 1 (PAF1) complex
[24,33]; is essential for H2BKI123ub'. PAFI
complex is composed of five subunits: Rtfl
(which contains a histone modification domain
(HMD) and is considered an essential unit for
H2BK123ub'), Pafl, Ctr9, Cdc73, and Leol
[34]. The recruitment of the PAF1 complex to
chromatin is facilitated by FACT (which stands
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for FAcilitates Chromatin Transcription) as
well as by interactions with elongating forms
of RNAPolIl and elongator factors such as
Spt5, which will be explored in greater detail
in subsequent sections [35-37]. It has been
suggested that the Rtfl subunit of PAF1 is
a crucial cofactor in H2BKI123ub' that pro-
motes the catalytic activity of Rad6 in the pre-
sence of Brel [38,39].

The BUR complex, comprising Burl (a cyclin-
dependent kinase, Cdk, Figure 1(a)) and Bur2 (its
corresponding cyclin), plays a significant role in
H2BK123ub' formation [34,40]. This complex
affects H2BK123ub' in two ways: indirectly, by
promoting recruitment of the PAF1 complex to
chromatin and RNAPolII; and directly, by phos-
phorylating Rad6 at serine 120, thereby stimulat-
ing its catalytic activity ([36,41,42].
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Figure 1. Dynamic mechanisms of H2B ubiquitination and H3K4 trimethylation. (a) The E2 conjugating enzyme Rad6 ubiquitinates
H2B on its lysine 123 in association with the E3 ligase Brel, and Lge1. Activation of Radé6 requires the phosphorylation of its serine
120 by the BUR complex, which is composed of Bur1/2. Additionally, this complex is necessary for the recruitment of PAF1 to
chromatin. The subunit Rtf1 of PAF1 must make physical contact with Rad6 to stimulate its activity. H2B ubiquitination can be
removed by either Ubp8 from SAGA or Ubp10. (b) The COMPASS complex trimethylates H3 on lysine 4 upon recognising H2B
ubiquitination. This reaction is catalyzed by the enzyme Set1. This mark can be recognized by Jhd2, which can remove the moiety.

Created in BioRender. https://biorender.com/5y8f2wx.
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The incorporation of ubiquitin into H2B is
a highly dynamic process, as ubiquitinated H2B
constitutes less than 10% of the total H2B pre-
sent in the cell [43]. Several studies have also
shown that short cycles of ubiquitination and
deubiquitination of H2B that occur at the onset
of transcriptional elongation are essential for
accurate gene activation [24,44].

The removal of ubiquitin is catalyzed by ubi-
quitin-specific =~ proteases  (USPs,  Figure
Figure 1(a)). In yeast, H2B deubiquitination is
performed by two USPs, Ubp10 and Ubp8 [45].
Notably, UbplO operates as a monomeric
enzyme, while Ubp8 belongs to a subcomplex
of four proteins referred to as the deubiquitina-
tion module (DUBm) within the Spt-Ada-Gen5
acetyltransferase (SAGA) complex, which is also
known for its role in histone acetylation and
transcriptional regulation. This subcomplex
consists of Sgf73, Sgfll, Ubp8, and Susl
[46-49].

Despite sharing substrate specificity for H2B
monoubiquitylation at lysine 123, Ubp8 and
Ubp10 fulfill non-overlapping roles due to differ-
ences in their molecular context and recruitment
mechanisms. Ubp8 functions as part of the SAGA
complex, specifically its deubiquitylating module
(DUBm), which targets H2BK123ub' at promo-
ters and transcription start sites to facilitate tran-
scription initiation by RNAPolII [20,50,51]. In
contrast, Ubpl0 acts independently of SAGA, is
monomeric, and is recruited to repressive chro-
matin domains, such as subtelomeric regions,
through interactions with silencing factors like
Sir proteins or chromatin-associated regulators
[52-54]. These differences explain their specia-
lized functions in transcription activation and
gene silencing, despite targeting the same histone
mark.

Histone methylation

Methylation involves attaching methyl (-CH;)
groups to the side chains of lysine or arginine
residues on histones. Specifically, lysine residues
can receive one, two, or three methyl groups on
their e-amino groups, while arginine residues
can be mono- or di-methylated on their term-
inal guanidinium group, with the dimethylation

occurring in either a symmetric or asymmetric
configuration [55,56].

Unlike other modifications, such as acetylation,
methylation does not affect the charge of the lysine
or arginine side chains nor does it impact chro-
matin folding through electrostatic mechan-
isms [57].

Different transcription factors can recognize
and bind methylated histones, triggering distinct
downstream transcription events. These methyla-
tion readers bear interfaces such as chromodo-
mains [58] and plant homeodomains (PHD) that
bind to methyl-lysines [59] or Tudor domains that
recognize both methylated arginines and
lysines [60].

The activity of histone methyltransferases
(HMTs) is very specific, as each enzyme typi-
cally modifies only a single residue using
S-adenosyl-L-methionine (SAM) as a donor
[57,61]. HMTs can be classified into two
families depending on their domains and tar-
gets; i) The SET domain (Su(var) 3-9,
Enhancer of Zeste, Trithorax) is a conserved
methyltransferase domain found in most histone
lysine  methyltransferases which facilitates
methyl transfer to histone tails. In S. cerevisiae
there are three Setl, Set2 and Set5 [62] and ii)
Dotl, which lacks a SET domain and instead
uses a completely different fold (seven-(-strand
methyltransferase) to methylate lysine 79 on
histone H3 [63,64]).

Transcriptionally activating histone methyla-
tions localize to histone H3 at positions 4
(H3K4), 36 (H3K36), and 79 (H3K79) [64-67].
In contrast, methylations of H2B in lysine 34
(H2BK34), of H3 in lysines 37 and 38 (H3K37,
K38), and of H4 in lysine 5 (H4K5), 8 (H4K8), 12
(H4K12), or 20 (H4K20) have also been identi-
fied, but their functions remain partially
unknown [57,68].

H3K4 methylations (H3K4me) and the COMPASS
complex

In S. cerevisiae, all three methylation states of
H3K4 (me', me?, me’) are catalyzed by Setl, the
catalytic ~ subunit of the eight-membered
COMPASS complex [69,70]. COMPASS also
includes Swdl, Swd3, Swd2, Sdcl, Bre2, Sppl,
and Shgl, each contributing to complex assembly



and specific methylation outcomes [71]. Notably,
Swd2 is essential for cell viability, not due to
COMPASS, but because of its moonlighting role
in the CPF complex [72,73].

Structural studies revealed that COMPASS func-
tions as a dimer in vivo, a configuration driven by
the Sdcl subunit, which ensures symmetric H3K4
trimethylation on both histone H3 tails within
a nucleosome [74,75]. This methylation is less
dynamic than ubiquitination, but remains reversible
through Jhd2, the only known H3K4 demethylase in
yeast. Jhd2 preferentially removes asymmetric
H3K4me® and thus collaborates with COMPASS to
maintain symmetry [11,76]. Deletion of JHD2 leads to
widespread changes in gene expression due to altered
H3K4 methylation dynamics. This supports the idea
that Jhd2 plays a key role in regulating transcription
through chromatin modification [77] (Figure 1(b)).

Genome-wide studies have shown distinct dis-
tributions and roles for each methylation state:
H3K4me’ is enriched at promoters and correlates
with active RNAPolIl and histone acetylation;
H3K4me” occupies coding regions, and H3K4me'
is found near transcript ends, possibly marking
a transition to the unmodified state [57,78].
These patterns are responsive to transcriptional
dynamics and environmental stress [79].

To highlight the complexity of these modifica-
tions, H3K4 methylation modulates chromatin
accessibility via recruitment of effector proteins.
H3K4me® recruits the NuA3 acetyltransferase
through Yngl to activate transcription, while
H3K4me” is recognized by Set3 to repress cryptic
transcription within gene bodies [80,81]. In con-
trast, H3K4 methylation can also participate in
gene silencing at telomeric regions, where the
Rpd3L histone deacetylase complex is recruited
via the PHD finger of Pho23, which specifically
recognizes H3K4me® [82,83].

Beyond transcription, H3K4 methylation also
plays important roles in chromosome segregation,
DNA damage response, and meiotic recombina-
tion, linking this modification to broader genome
maintenance mechanisms [84-86].

H3K36 methylations (H3K36me)
H3K36 methylation in yeast is exclusively cata-
lyzed by the SET-domain protein Set2 [87]. This
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mark is enriched in the bodies of actively tran-
scribed genes and plays a central role in chro-
matin  regulation during elongation. Its
distribution is  methylation-state  specific:
H3K36me' peaks near the 5 end, while me”
and me’ accumulate toward the 3’ end [57,78].
H3K36me’ is recognized by the Rpd3S histone
deacetylase complex, which works with the chro-
matin remodeler Iswlb to suppress cryptic intra-
genic transcription and maintain transcriptional
fidelity [88,89]. In parallel, the NuA4 acetyl-
transferase - involved in transcription activa-
tion - is also recruited to H3K36me sites,
reflecting the dual regulatory potential of this
mark [63,81].

The primary H3K36 demethylase is Rphl,
which removes di- and tri-methyl groups, while
Jhdl and its paralog Gisl target mono- and di-
methylated forms [90,91].

Cells lacking H3K36 methylation exhibit growth
defects, stress sensitivity, and accelerated aging due
to transcriptional noise and chromatin instability
[92,93].

H3K79 methylations (H3K79me)

Dotl uniquely catalyzes the methylation of
H3K?79, a residue located in the structured globu-
lar core of histone H3—unlike other lysine methy-
lations that occur on histone tails [94,95]. Dotl
lacks a SET domain and instead uses a 7B-strand
fold to perform mono-, di-, and tri-methylation.
To date, no demethylase for H3K79 has been
identified in yeast [96].

H3K79 methylation is broadly distributed
across active gene bodies and functions to block
the binding of the SIR silencing complex within
euchromatin, thus preserving transcriptional activ-
ity and safeguarding telomeric silencing bound-
aries [24,57,97].

Beyond its transcriptional role, H3K79me is
involved in the DNA damage response and
homologous recombination, particularly during
meiosis, where it helps stabilize checkpoint acti-
vation and repair foci [68,98,99]. These func-
tions position Dotl as a key chromatin
regulator linking gene expression and genome
integrity.
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The crosstalk of H2B ubiquitination and H3
methylations

The ubiquitination of H2B has been shown to
influence other histone modifications that corre-
late with elevated transcriptional activity. In parti-
cular, H2BK123ub' is required for di- and tri-
methylation (but not mono-methylation) of H3
in its lysines 4 and 79, catalyzed respectively by
Setl (in the context of COMPASS) and Dotl
[24,100]. Nonetheless, several studies have
reported that H3K4me’ and H3K79me> deposition
are not entirely dependent on H2BK123ub' under
specific conditions [101]. This interdependence, in
which a histone modification acts as a template for
the deposition of another, is often referred to as
‘histone crosstalk’.

One of the most widely studied cases of histone
crosstalk is the interplay between H2B ubiquitina-
tion and H3K4 methylation [102]. The precise
mechanism through which this connection is con-
trolled has been the subject of extensive debate for
over a decade.

Early models proposed that the COMPASS sub-
unit Swd2 mediated crosstalk between H2BK123ub'
and H3K4me’ by recognizing ubiquitinated H2B
[103]. Later, it was suggested that Swd2 itself
might be ubiquitinated to recruit Sppl, a subunit
essential for trimethylation [104]. An alternative
model shifted the focus to the N-SET domain of
Setl, suggesting it directly senses H2BKI123ub'
[105], positioning Spp1 as the key effector.

Recent cryo-EM studies of reconstituted yeast
COMPASS complexes revealed that H2B-linked
ubiquitin contacts the Swdl subunit, inducing
a conformational change that activates the com-
plex [75,106]. In parallel, an arginine-rich motif
near the SET domain of Setl folds into an a-helix
upon H2BK123ub' recognition, interacts with the
H2A acidic patch, and further enhances methyl-
transferase activity [107,108].

Additional structural and biochemical studies
confirm that ubiquitin functions as an allosteric
regulator of COMPASS [105]. However, whether
this mechanism is fully conserved in vivo remains
uncertain. Notably, a direct interaction between
H2BK123ub' and either Sppl or the SET domain
has not been conclusively demonstrated under
physiological conditions [57,109].

Transcription by RNA polymerase Il

Transcription in eukaryotic organisms is per-
formed by various DNA-dependent RNA poly-
merases, the number of which differs between
species. Yeasts and animals possess three RNA
polymerases, while plants have up to five [110].
They are mainly distinguished by their composi-
tion and structure, which regulate their activity, as
well as by the types of genes transcribed [111].

RNA polymerase I is involved in the transcrip-
tion of ribosomal RNA (rRNA) precursors.
RNA polymerase II (RNAPolII) is responsible
for transcribing all protein-coding messenger
RNAs (mRNAs), apart from some non-coding
RNAs (ncRNAs).

RNA polymerase III transcribes transfer RNAs
(tRNAs), some rRNAs, and a few ncRNAs.

To maintain a focused scope, this review will con-
centrate on RNAPollI-mediated transcription.

Yeast RNAPolII comprises 12 distinct subunits.
The largest of these, Rpbl, is characterized by the
presence of a large C-terminal domain (CTD),
which presents in S. cerevisiae 26 repeats of the
conserved consensus heptapeptide YSPTSPS [112].
This CTD is critical during all transcription steps,
because it serves as a platform for the recruitment
of proteins that regulate transcription. Among the
modifications that occur within the CTD, phos-
phorylation and dephosphorylation of serine resi-
dues at positions 2, 5, and 7 are particularly
important, as they ensure the precise recruitment
of the transcriptional machinery in a sequential
manner [113,114].

Initiation

The first prerequisite for transcription initiation is
that chromatin acquires a relaxed conformation to
facilitate access of transcription machinery to pro-
moter regions. As mentioned earlier, this state can
be achieved by several factors including chromatin
remodeling enzymes or histone modifications,
among others, which act as ‘transcriptional co-
activators’ [12,13]. This name indicates the exis-
tence of ‘transcriptional activators’, which are fac-
tors that recognize specific DNA sequences to



assist in the onset of transcription [115]. Similarly,
transcriptional ‘repressors and corepressors’ are
vital to prevent unwanted initiation of transcrip-
tion [116].

The coordinated action of all these activating
factors allows for the assembly of RNAPolII
and general transcription factors (GTFs),
which are sequentially assembled, commencing
with Transcription Factor II D (TFIID), that
binds to the promoter and is rapidly stabilized
by TFIIA. Subsequently, TFIIB, TFIIF,
RNApolll, TFIIE, and TFIIH are also recruited,
giving rise to the pre-initiation complex (PIC)
[117,118].

A key element in many eukaryotic promoters
is the “TATA box’, typically located 30-60 base
pairs upstream of the transcription start site
(TSS). However, true TATA boxes are relatively
rare and are mainly found in stress-responsive
genes regulated by the SAGA complex. In con-
trast, housekeeping genes - comprising about
80% of the genome - usually contain TATA-
like elements and are primarily regulated by
TFIID [119,120]. Despite this distinction,
SAGA and TFIID have overlapping functions,
share subunits, and both contribute to TATA-
binding protein (TBP) recruitment during PIC
formation [121].

Once the PIC assembly is completed, begins
with the unwinding of the DNA double helix
and the synthesis of a nascent mRNA, typically
20-60 nucleotides before entering productive
elongation. In higher eukaryotes, the transcrip-
tion apparatus comes to a halt near the promo-
ter, though no such event has been described in
yeast, as they lack the Negative Elongating
Factor (NELF), a fundamental component
involved in pausing [117,122]. Promoter-
proximal pausing is a specific regulatory stage
that occurs directly after initiation and before
productive elongation carried out by RNAPolII.
This phase is tightly regulated, and its disrup-
tion has been associated with a wide range of
human disorders [113,123]. In vyeast cells,
RNAPOlIT can also stall due to various condi-
tions, remaining inactive for a variable period
until its fate is resolved - either advancing to
productive elongation or undergoing premature
termination [124].
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Elongation

It is worth mentioning that the intricate biochem-
ical regulation of transition to elongation displays
a high level of complexity. On the one hand, it
relies on the existence of specific histone modifica-
tion patterns, with H2BK123ub' and H3 methyla-
tions playing a pivotal role. On the other hand, it
requires the recruitment of several factors that
display redundant functions, which may even
appear contradictory, as they can vary in different
organisms. These factors not only modify histone
marks, but in many cases, also rely on them for
timely recruitment. At this point, it becomes
increasingly challenging to determine the precise
sequence of events due to the extensive interde-
pendencies and connections that involve many of
the implicated factors.

The release from the promoter region occurs
concurrently with the recruitment of TFIIH, the
last GTF to be incorporated into the PIC. This
transcription factor contains Kin28, the kinase
responsible for phosphorylating the CTD of
RNAPolII at serines 5 and 7 [125] (Figure 2(a)).

Phosphorylation of serine 5 is the most exten-
sively studied, occurring immediately after tran-
scriptional initiation and being removed as
RNAPolII acquires its elongating state [126]. This
modification disrupts the existing interactions
between the CTD and PIC components, allowing
RNAPolIl to escape from the promoter region
[113,127].

This CTD modification can also trigger the
recruitment of capping enzymes responsible for
the 5° modification of nascent RNAs, which con-
sists of] the addition of a cap composed of the
nucleotide 7-methylguanosine [128]. Interestingly,
COMPASS is associated with high levels of phos-
phorylated serine 5, which facilitates H3K4 methy-
lation around the promoter [57,129].

One of the most important factors in the tran-
sition into active elongation is the DRB
Sensitivity-Inducing Factor (DSIF), which is
composed of Spt5 and Spt4 [130]. Spt5 stands
out for being the sole transcription elongation
factor conserved across all forms of life, includ-
ing archaea, bacteria, and eukaryotes [131].
Recent studies have shown that upon rapid
depletion of Spt5, Rpbl is ubiquitinated and
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(a) Promoter release and pausing

(b) Spt5 phosphorylation

(d) Productive elongation

o
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0 H2B ubiquitination H3K4 trimethylation

Figure 2. Different regulation steps during transcriptional elongation. (a) At the end of transcription initiation, Kin28, a subunit of
TFIIH, phosphorylates the RNAPolll CTD at serine 5, allowing the enzyme to be released from the promoter region. (b) BUR
phosphorylates the CTR of Spt5, turning DSIF into a positive elongation factor. (c) This phosphorylation facilitates the recruitment of
PAF1. BUR partially phosphorylates RNAPolll CTD at serine 2, marking the early steps of transcription elongation. Additionally, BUR
can phosphorylate Rad6, rendering it active and permitting H2B ubiquitination, which in turn enables the trimethylation of H3K4 by
COMPASS. (d) To achieve maximum elongation productivity, the ubiquitin moiety must be removed from H2B by USP Ubp8 from the
DUBm of SAGA. This allows the recruitment of the kinase Ctk1 which conducts the remaining phosphorylations of the CTD at serine
2, advancing to the final stages of productive elongation. Created in BioRender. https://BioRender.com/I83m241.

targeted for degradation, highlighting the impor-
tant role of Spt5 in guaranteeing accurate gene
expression [132]. Its carboxy-terminal region
(CTR) is analogous to the CTD of RNAPolII,
with 15 repeats of a hexapeptide with the con-
sensus sequence S(A/T)WGG(A/Q), whose serine
residues are targeted for phosphorylation by
Burl from the BUR complex [41; 43]. The role
of BUR is critical in attracting the PAF1 complex,
which subsequently enables the interaction
between Rad6, Brel, and RNAPolII, resulting in
H2BK123ub' [36].

Proper entry into the elongating state also
requires that Burl phosphorylates the CTR of Spt5.
With this phosphorylation, DSIF (Spt5/4) is acti-
vated as a positive elongation factor that enables

appropriate transit of the DNA template via the
central groove of RNAPolII by stabilizing its clamp
conformation [133] (Figure 2(b)). In metazoans,
which display promoter-proximal pausing, DSIF
has a double function, since its unphosphorylated
form is responsible for maintaining that paused
state, but upon phosphorylation it shifts into
a functioning elongation factor. No such negative
effect in elongation has been described for unpho-
sphorylated Spt5 in yeast [113].

Similarly in metazoans, the PAF1 complex, is
known to impede the discharge of stalled
RNAPoIII; however, it facilitates transcription
elongation once RNAPolII is dislodged from paus-
ing [134]. In yeasts, where it is only known as an
elongation activator, PAF1 is attracted by the
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phosphorylated version of Spt5 and acts as
a platform that attracts nucleosome remodeling
factors, histone chaperones, such as FACT or
even histone-modifying factors, including the
H3K4 and H3K79 methyltransferases COMPASS
and Dotl [113,135] (Figure 2(c)).

Another regulator of elongation worth mention-
ing is the carbon catabolite repression 4-negative
on TATA-less (CCR4-Not) complex. This highly
conserved complex influences not only transcrip-
tion elongation but also various stages of mRNA
metabolism, including transcription initiation,
nuclear export, and mRNA decay [136]. One of
its subunits, Not4, functions as an E3 ubiquitin
ligase and regulates the activity of the demethylase
Jhd2, thereby modulating H3K4me® levels through
ubiquitination [137].

In a similar manner, the transcription factor
Subl also plays multiple roles across the transcrip-
tion cycle. It contributes to pre-initiation complex
(PIC) formation, facilitates the transition from
initiation to elongation, supports elongation by
interacting with DSIF, and participates in tran-
scription termination [138].

A defining feature of RNAPoIII as it transitions
from promoter-proximal pausing into productive
elongation is the phosphorylation of its CTD on
serine 2. This phosphorylation is initiated by Burl,
although it does not fully modify all repeats. The
primary kinase responsible for widespread Ser2
phosphorylation is Ctkl. However, Ctkl activity
is influenced by chromatin state - specifically, it
requires prior removal of ubiquitin from H2B,
a mark that accumulates during early elongation.
This deubiquitination step, carried out by the
SAGA complex’s DUBm, is necessary to relieve
the chromatin barrier and allow Ctkl recruitment
or activation at the gene body. Thus, H2B deubi-
quitination functions as a prerequisite for maximal
CTD-Ser2 phosphorylation during late elongation
[139] (Figure 2(d)).

At the later stages of transcription elongation,
phosphorylation of CTD on its serine 2 promotes
the recruitment of Set2, which methylates H3K36.
This modification is subsequently recognized by
Rpd3S, which helps to reestablish the original
nucleosome disposition, thereby preventing any
further = undesired  transcription  initiation
[140,141].
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Termination

Transcription termination by RNAPolII marks the
final phase of the transcription cycle, ensuring that
the enzyme is disengaged from the DNA template
and reset for a new round of transcription, and
that the nascent pre-mRNA is released and
matured.

As with all the aforementioned steps in tran-
scription, termination is not a mere passive con-
clusion but a highly regulated process that has to
ensure that i) transcription concludes at the cor-
rect position, ii) the length and fate of the tran-
script are well defined, and iii) there is no
undesired transcriptional interference with down-
stream genes or regulatory regions.

In Saccharomyces cerevisiae, transcription
termination is tightly coupled to the 3’-end
processing of mRNA, orchestrating the matura-
tion of protein-coding mRNAs or the degrada-
tion of unstable non-coding RNAs. These two
broad outcomes reflect the operation of two
specialized termination pathways, each with
distinct molecular machinery and regulatory
logic.

(1) The Cleavage and Polyadenylation Factor
(CPF) pathway terminates protein-coding
genes, linking RNA cleavage, polyadenyla-
tion, and RNAPolII release.

(2) The Nrdl-Nab3-Senl (NNS) pathway
serves non-coding RNAs, such as small
nucleolar RNAs (snoRNAs) and cryptic
unstable transcripts (CUTs), terminating
transcription and routing RNAs into sur-
veillance pathways.

CPF-mediated termination: coupling cleavage and
RNAPolll release

In protein-coding genes, transcription termination
is predominantly achieved through the coordi-
nated action of the CPF complex together with
Cleavage Factors (CF) IA and CF IB [142,143].
Recruitment of this machinery begins when
RNAPolIl transcribes into the 3’ untranslated
region (3° UTR), where polyadenylation signal
(PAS)-like sequences and flanking auxiliary U-
and A-rich elements are recognized within the
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ensure cleavage and polyadenylation, as well as termination. (b) Schematic of the complexes needed for both CPF/CF termination



mRNA by specific protein subunits (Figure 3(a))
[144]. Rnal5 (CF IA) and Hrp1 (CF IB) bind these
flanking motifs, positioning CPF for cleavage. CPF
subunits such as Cftl, Cft2, Ythl, Mpel, and Pfs2
stabilize the complex on the mRNA. Then, the
CPF forms a modular cavity below the elongation
complex, comprising an endonuclease module
(Yshl, Cft2, Mpel), a polymerase module (Papl,
Fipl, Ythl, Cftl, Pfs2), and a scaffold-phosphatase
module (Glc7, Ssu72, Ref2, Ptil, Ptal, Swd2) [72]
(Figure 3(b)). This recruitment is reinforced by the
CTD code: as Ser2 phosphorylation (Ser2-P)
increases, Pcf11 (CF IA) binds Ser2-P via its CTD-
interacting domain (CID) [145]. As illustrated in
Figure 3(c), cleavage is catalyzed by Yshl, which
cuts 10-30 nt downstream of the PAS. The
upstream fragment, bearing a 3’-OH, proceeds
toward processing (see mRNA processing section)
[146]. The downstream fragment is targeted by the
torpedo pathway. Here, the 5-monophosphate
mRNA is degraded by Ratl, a 5—3’ exonuclease
activated by its cofactor Rail [147]. Ratl is
recruited to the CTD via Rtt103, whose CTD-
interacting domain binds Ser2-P [148], and
whose Rail-interacting segment (RIS) directly
tethers the Ratl-Rail complex [149]. Cryo-EM
studies have resolved pre- and post-termination
states of Ratl bound to RNAPolIl, showing that
Ratl docks at the mRNA exit channel, threads
mRNA into its active site, and, through degrada-
tion, shortens the RNA - DNA hybrid and col-
lapses the bubble [150]. In post-termination states,
Ratl repositions inside the cleft of RNAPolII,
potentially preventing its re-engagement with
DNA. These findings substantiate the torpedo
model, in which exonucleolytic degradation con-
tributes directly to RNAPoIII release, with Rtt103
and Rail coordinating Ratl recruitment and
activation.
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Concurrently, the allosteric model posits that
after transcription of the poly(A) site, binding of
the  termination  complex  results in
a conformational change of the elongation com-
plex due to the loss of elongation or anti-
termination factors, which decreases processivity
and ultimately leads to termination [151]. In sup-
port of this model, it has been shown that
RNAPolII loses elongation factors such as Spt5
prior to release [152,153], and that Pcfll alone
can destabilize an elongation complex in vitro by
simultaneously binding both the CTD and the
nascent mRNA [154]. However, whether this
mechanism operates in vivo in the context of the
full CPF - CF complex remains to be determined.

Structural evidence now supports a unified
model in which cleavage, allosteric weakening,
and torpedo activity act in concert to dismantle
the elongation complex at the 3" end [155].

Finally, the CPF phosphatase module plays
a central role in transcriptional recycling. The
subunits Ssu72 (which targets Ser5-P and Ser7-P)
and Glc7 (which targets Tyrl-P and Spt5) from
this module dephosphorylate the CTD of
RNAPolIl  post-termination, resetting it to
a hypophosphorylated state compatible with re-
initiation ~at new  promoters [156,157]
(Figure  3(c)). Notably, Swd2—previously
described in the COMPASS complex as playing
a role in H3K4 methylation - now reappears in
CPF where it helps position phosphatases on the
CTD, thus linking chromatin cues to 3’ end pro-
cessing. In this way, CPF not only mediates termi-
nation but also actively prepares RNAPolII for the
next transcription cycle.

Although initially introduced for its role in
transcription elongation, the PAF1 complex has
recently been shown to extend its influence
beyond elongation. It contributes to efficient 3’

and 3’ processing. (c) Mechanism of CPF/CF termination. CF IA and IB recognize motifs in the 3" UTR of the mRNA and bind to it, the
recruitment is reinforced by the recognition of Ser2-P CTD by the CID of Pcf11. This allows the recruitment of CPF, whose subunit
Ysh1 carries of cleavage. The 5’ fragment is further processed and undergoes polyadenylation by the Pap1 polymerase from CPF. The
3’ fragment remains attached to RNAPolll. Here, Rtt103 recognizes Ser2-P CTD and promotes the binding of the Rat1 exonuclease
that upon removing the RNA strand, interferes with RNAPolll which gets released (torpedo model). Besides, the recruitment of
termination factors gives rise to conformational changes that leads to the discharge of elongating factors and RNApolll from DNA
(allosteric model). Finally, the phosphatases Glc7 and Ssu72 dephosphorylate the CTD and Spt5. (d) Mechanism of NNS termination.
Nab1 and Nrd3 recognise specific sequences on the RNA, and Nrd1 recognises Ser5-P CTD with its CID. This recruits the helicase Sen1
that allows the release of RNAPolll. The CID of Nrd1 recruits Trf4 from TRAMP, which adenylates the RNA which is targeted to the
exosome for surveillance. Created in BioRender. https://BioRender.com/ymgwsou.
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end processing and termination of pervasive tran-
scripts [158], and also facilitates RNAPolII recy-
cling, ensuring prompt reinitiation of transcription
at gene loci [159].

NNS-mediated termination: capturing and
resolving non-coding transcription

In non-coding RNAs (ncRNAs), such as small
nucleolar RNAs (snoRNAs) and cryptic unstable
transcripts (CUTs), transcription termination is
directed by the NNS complex (Figure 3(d)). This
complex comprises the RNA-binding proteins
Nrdl and Nab3, along with the ATP-dependent
helicase Senl [160-162]. Unlike the CPF pathway,
NNS-mediated termination does not rely on RNA
cleavage or recognition of polyadenylation signals
and is therefore classified as PAS-independent
[72].

Nrdl and Nab3 are recruited to nascent RNA
via their RNA recognition motifs (RRMs), which
preferentially bind UGUA/G and UCUUG motifs,
though broader sequence specificity has also been
reported [163,164]. Their association with the
transcription machinery is facilitated by the Ser5-
P CTD, recognized by the CID of Nrdl during
early elongation [165,166]. As transcription pro-
gresses, increasing Tyrl phosphorylation reduces
Nrdl binding, effectively restricting NNS activity
to early transcriptional stages [167].

Although Senl can terminate transcription on its
own in vitro, its low abundance in vivo means it
relies on Nrdl and Nab3 for efficient recruitment
[168]. It contains a Nrdl-Interaction Motif (NIM),
which mimics the CTD and enables direct binding to
Nrdl [169]. Recent cryo-EM data show that, after
binding to RNA, Senl translocates toward elongat-
ing RNAPOolII, interacting near the RNA exit chan-
nel. Its ATPase-driven activity exerts a pulling force
on the transcript, shifting RNAPolIl into
a hypertranslocated state that destabilizes the
RNA - DNA hybrid, rewinds the transcription bub-
ble, and promotes RNA release [170]. Single-
molecule studies further reveal that Senl May also
push stalled RNAPolII, leading either to termination
or reinitiation of elongation [171,172].

NNS termination is tightly integrated with
nuclear RNA surveillance. Following termination,
transcripts are handed off to the nuclear exosome
with support from the TRAMP4 complex (Trf4,

Airl/2, Mtr4), which oligoadenylates the RNA to
facilitate processing or degradation [173-175]. The
Nrd1-Nab3 heterodimer remains bound to the
RNA and recruits TRAMP4 through a CTD-like
NIM in Trf4 [176,177].

Ultimately, the choice between NNS- and CPF-
dependent termination is not binary but shaped by
a combination of CTD phosphorylation patterns,
RNA sequence motifs, elongation kinetics, and
chromatin context. Nrdl and Pcfll compete for
CTD binding, and the transition from Ser5-P to
Ser2-P, alongside the decline in Tyrl-P, defines
a tunable window during which each pathway
may be selectively engaged [178].

mRNA processing

In the previous section, we followed the trajectory
of RNAPolII throughout the entire transcription
cycle, from initiation to elongation and termina-
tion, with a primary focus on the mechanisms that
govern enzyme recruitment, movement along
chromatin, and eventual release. We now shift
the focus from RNAPOoIII to its product, the emer-
ging mRNA transcript. While transcription
ensures the correct synthesis of the mRNA
sequence, mRNA processing transforms this fra-
gile intermediate into a stable, export-competent
messenger.

This transformation proceeds through a tightly
coordinated series of steps: 5 capping, splicing
(when applicable), 3’ end cleavage, polyadenyla-
tion, and assembly of the mature messenger ribo-
nucleoprotein particle (mRNP). These processes
are not isolated events but are physically and
functionally linked to the transcription machin-
ery, often occurring co-transcriptionally and ser-
ving as both signals and checkpoints for proper
gene expression. Importantly, mRNA is not pro-
cessed in isolation, from the moment it emerges
from the mRNA exit channel, it is bound by
a network of processing and packaging factors.
This continuous interaction defines the formation
of the mRNP, a dynamic and compositionally
adaptable assembly whose composition evolves
with each processing step, and whose proper
assembly is essential for transcript stability, sur-
veillance, and export.



5’ capping

The first modification undertaken by nascent pre-
mRNA is the addition of a 5 cap. This reaction
begins once RNAPolII has synthesized a strand of
approximately 20-30 nucleotides. The cap,
a 7-methylguanosine (m’G) linked through an
unusual 5’-5’ triphosphate bond, is essential for
transcript stability, efficient splicing, nuclear
export, and translation. In S. cerevisiae, capping
is tightly coordinated with early transcription and
is mediated co-transcriptionally through interac-
tions with the Ser5-P CTD of RNAPolII [179,180].

Capping involves three enzymatic steps, each
catalyzed by a dedicated enzyme. First, Cetl, an
RNA 5’-triphosphatase, removes the y-phosphate
from the 5 end of the nascent transcript. Next,
Cegl, a guanylyl-transferase, transfers GMP in
a 5-5 linkage to form the cap structure. This
Cetl-Cegl complex, composed of two copies of
each protein, is stabilized by the direct binding of
Cegl to Ser5-P CTD repeats, ensuring timely
recruitment [181]. Finally, Abdl, a guanine-N7
methyltransferase, methylates guanosine produ-
cing the mature m’ G cap. These reactions occur
sequentially on the surface of the transcription
complex, securing early protection and defining
the mRNA as RNAPollI-derived [182].

The capping process is further facilitated by the
transcription elongation factor Spt5, which binds
to the CTD and physically interacts with the cap-
ping enzyme Cegl. Although yeast does not exhi-
bit regulated promoter-proximal pausing, Spt5 is
essential for anchoring capping enzymes to the
elongating RNAPolII and coordinating their access
to the emerging transcript. Disruption of Spt5
impairs proper capping, leading to defective
mRNA maturation and degradation via nuclear
surveillance mechanisms [183].

Once formed, the cap is immediately bound by
the cap-binding complex (CBC) composed of Stol
(or Cbp80) and Cbc2 (or Cbp20) in yeast. CBC
protects nascent transcripts from 5’ exonucleases
and assists in early processing events such as the
splicing of the first intron, when present, export
factor recruitment, and proper mRNP formation
[184]. Beyond its protective function, CBC acts as
a central regulatory hub that coordinates
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transcription with downstream mRNA maturation
steps. CBC serves as a molecular ‘choreographer’
by stabilizing interactions with processing factors,
influencing spliceosome assembly, modulating
RNAPolII dynamics, and ensuring the temporal
order of transcript maturation. Altogether, CBC
functions as an early molecular checkpoint tightly
coupling capping to transcript fate, and its failure
leads to mRNA degradation via nuclear quality
control [185].

Splicing

Pre-mRNA splicing in Saccharomyces cerevisiae
removes introns and joins exons to produce
mature mRNAs. Although only~5% of yeast
genes contain introns, they include many essential
and highly expressed transcripts, not only those
for ribosomal proteins and RNA processing fac-
tors, but also those implicated in response to sev-
eral stresses [186-188]. Splicing is largely co-
transcriptional and intricately coupled to tran-
scription through interactions between the spliceo-
some and RNAPolIl CTD [189]. In addition to
CTD interactions, histone acetylation by Gcn5,
from the HAT module of SAGA, facilitates the co-
transcriptional recruitment of U2 snRNP compo-
nents such as Msll and Leal to the branchpoint
region, thereby linking chromatin modification to
early spliceosome assembly [190]. This highlights
the importance of chromatin context in ensuring
timely and efficient intron recognition during
transcription.

Splicing is catalyzed by the spliceosome,
a dynamic ribonucleoprotein complex composed
of five small nuclear RNAs (snRNAs Ul, U2, U4,
U5, and U6) and dozens of associated proteins.
These form snRNPs, which, along with protein-
only subcomplexes like the NineTeen complex
(NTC) - also involved in mRNA export (see later
dedicated section) - assemble stepwise on each
pre-mRNA transcript through ATP-dependent
remodeling events and involve multiple spliceo-
some intermediates [191,192].

Spliceosome assembly begins with the recognition
of three key intronic features: the 5’ splice site (5’SS),
branch site (BS), and 3’ splice site (3’SS) (Figure 4(a))
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Figure 4. Splice site architecture and the dynamic assembly of the spliceosome. (a) Schematic representation of a pre-mRNA
substrate in Saccharomyces cerevisiae, highlighting key intronic elements required for splicing: the 5’ splice site (5'SS), the branch
point sequence (BS), and the 3’ splice site (3'SS). These conserved features are essential for spliccosome recognition and intron
excision. (b) The splicecosome assembles in a stepwise manner on the pre-mRNA, undergoing extensive compositional and
conformational changes. Small nuclear ribonucleoproteins (snRnps; U1, U2, U4/U6, and U5) and non-snRNP protein complexes
such as the NineTeen complex (NTC) and SF3 are sequentially recruited and rearranged. Key transitions are driven by helicases and
ATPases (shown in green), which facilitate spliccosome remodelling, catalytic activation, and disassembly following the two
transesterification reactions. Created in BioRender. https://BioRender.com/mkvgaw0.
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® The ATPases Sub2 and Prp5 displace Msl5/
Mud2 and mediate U2 snRNP base pairing at
the BS to form the A complex [196,197].

(2) Pre-B and B complex formation

® The tri-snRNP formed by U4, U5, and U6
joins to form the pre-B complex [198].

® Prp28, another ATPase, displaces U1 and trans-
fers 5SS to U6, forming the B complex [199].

(3) Activation and catalysis

® The Brr2 helicase unwinds U4/U6, enabling
U2-U6 pairing and NTC recruitment to
form the B*' complex [200,201].

® The Prp2 ATPase ejects a set of proteins
associated with U2 (SF3), forming the B*
complex [202].

e Factors such as Yju2, Cwc25, Isyl, and Prpl6
assist in positioning the BS for the first transes-
terification reaction, where the 2 OH of the BS
adenosine attacks the phosphate at the 5°SS. This
leads to the separation of the 5’ exon and gen-
eration of an intermediate lariat
(Complex C) [203].

® Prpl6 then remodels the spliceosome into the
C* complex to promote exon ligation aided
by Slu7 and Prp18 [204].

e At this step, the 3 OH at the 5°SS attacks the
3’SS, ligating both exons and producing the
product (P) complex [205,206].

(4) Release and disassembly

® Prp22 promotes the release of mature mRNA
[207,208].

e The Prp43 helicase, along with Ntrl and Ntr2,
disassembles the intron lariat spliceosome (ILS),
whose components can be recycled and used for
another pre-mRNA [209,210].

intron

Although S. cerevisiae does not engage in alter-
native splicing, recent transcriptome-wide ana-
lyses have identified that not all splicing occurs
co-transcriptionally. Some mRNAs retain
unspliced introns even after polyadenylation
and nuclear release, with delayed removal occur-
ring in the cytoplasm or upon exposure to envir-
onmental stimuli. These observations suggest
a level of temporal flexibility in yeast splicing
and argue for a division of labor between the
co- and post-transcriptional processing steps in
different gene classes or  physiological
states [211].
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Intriguingly, the genes encoding Yral and
Susl-two critical regulators of mRNA metabo-
lism - contain one and two introns respectively,
an uncommon feature in S. cerevisiae, where
most genes are intronless. Yral serves as a key
adaptor linking mature mRNPs to the Mex67-
Mtr2 export receptor, while Susl connects tran-
scription and export through its dual role in
SAGA and TREX-2 complexes (see export sec-
tion). The presence of introns in these genes,
along with the use of non-canonical splice sites
in SUSI, suggests an additional layer of post-
transcriptional regulation for proteins that them-
selves coordinate multiple steps of gene expres-
sion [212-215].

3’ end processing

Cleavage and polyadenylation represent the final
and decisive steps in the maturation of most
mRNAs in Saccharomyces cerevisiae. This phase
overlaps substantially with transcription termi-
nation, as both are executed by Cleavage and
Polyadenylation Factor (CPF) and associated fac-
tors. In fact, the endonucleolytic cleavage of the
nascent transcript is a prerequisite not only for
polyadenylation but also for the release of
RNAPolII from the DNA, a principle underpin-
ning the torpedo model of termination (see pre-
vious section) [72]. However, while the
termination section of this review focused pri-
marily on the fate of RNAPolIl, the emphasis
here shifts to the processing of the mRNA: how
its 3’ end is precisely defined, modified, and
rendered competent for nuclear export and
translation.

mRNA cleavage

Cleavage typically occurs 10-30 nucleotides down-
stream of a polyadenylation signal (PAS), often the
canonical AAUAAA sequence or a variant. This
signal is frequently accompanied by auxiliary
upstream and downstream U-rich elements that
further modulate the recognition efficiency [144].
In yeast, PAS recognition is primarily mediated by
the polymerase module of CPF, particularly the
Ythl subunit, which engages the hexamer with
its zinc fingers. Pfs2 stabilizes this interaction.
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Notably, a conserved uridine at the -1 position
upstream of PAS is recognized by a specific pocket
in Ythl, enhancing sequence selectivity [146].

mRNA cleavage is catalyzed by Yshl, the endo-
nuclease subunit of the CPF complex, which
belongs to the metallo-p-lactamase/B-CASP
family. Yshl cleaves the transcript 10-30 nucleo-
tides downstream of the PAS, generating a 3’-
hydroxyl group necessary for polyadenylation
[216]. However, Ysh1 alone is inactive in isolation
and requires cooperative assembly with other CPF
modules and cleavage factors to acquire its activ-
ity. Among these, Mpel plays a pivotal role; it
interacts directly with Yshl and acts as
a molecular sensor for PAS through its pre-
mRNA sensing region (PSR). This region forms
weak contacts with the PAS, especially the second
adenosine, and likely coordinates cleavage site
recognition with catalytic activation. Disruption
of the PSR leads to cleavage defects and unregu-
lated polyadenylation [217].

Furthermore, two auxiliary complexes, Cleavage
Factor IA (CF IA) and Cleavage Factor IB (CF IB),
are required to stabilize the CPF complex on
mRNA. CF IA (comprising Rnal4, Rnal5, Pcfll,
and Clpl) positions CPF by bridging mRNA
sequence elements and the CTD of RNAPolII
(especially ~Ser2-P), whereas CF IB (Hrpl)
enhances specificity by binding to upstream
U-rich motifs. Only upon correct assembly of
these components is Ysh1’s active site positioned
to cleave the nascent transcript [72].

mRNA Polyadenylation

Once cleavage occurs, the upstream cleavage pro-
duct is rapidly polyadenylated by Papl, which is
a poly(A) polymerase. Papl is recruited and teth-
ered to the CPF complex through Fipl, an intrin-
sically disordered protein that binds to both Papl
and Ythl [218,219]. This flexible arrangement
enables the processive addition of adenosines. In
isolation, Papl displays weak distributive activity,
but CPF scaffolding and Fipl tethering stimulate
its function [220].

Polyadenylation is tightly controlled. In
S. cerevisiae, poly(A) tails typically range from 60
to 80 nucleotides. Nab2 is the primary nuclear
poly(A)-binding protein responsible for limiting

tail length by displacing Papl upon saturation
[221]. Under stress or Nab2 depletion, Pabl can
substitute, albeit resulting in slightly longer tails
(~90 nt) [222]. Even in the absence of poly(A)-
binding proteins, CPF intrinsically restricts the tail
length to ~ 100-200 nucleotides, suggesting that
kinetic regulation and structural feedback mechan-
isms limit excessive elongation [72].

Together, these findings establish cleavage and
polyadenylation as highly regulated processes that
interpret sequence elements, CTD phosphoryla-
tion patterns, and prior processing status to gen-
erate mature, export-competent mRNAs.

mRNP formation and export
mRNP assembly and surveillance

Once transcription and mRNA processing are
underway, the transcript is not left unprotected
or freely diffusing in the nucleoplasm. Instead,
pre-mRNAs are rapidly and selectively assembled
into messenger ribonucleoprotein  particles
(mRNPs), dynamic assemblies composed of the
mRNA and a diverse array of proteins that influ-
ence every aspect of the mRNA’s life - from
maturation and export to localization and transla-
tion. In S. cerevisiae, mRNP formation begins co-
transcriptionally and remodeling continues until it
is exported to the cytoplasm. This process inte-
grates all the steps described before which include
transcription, 5 capping, splicing, 3’ end proces-
sing, and packaging into a tightly regulated cas-
cade that ensures mRNA quality and fidelity.
Unlike a simplistic ‘last step’ view of mRNA
packaging, mRNP assembly is a central feature of
mRNA biogenesis. Indeed, most RNA-binding
proteins (RBPs) involved in this process are not
recruited post-transcriptionally but rather co-
transcriptionally. These proteins often recognize
specific mRNA sequence elements, but they are
also guided by CTD phosphorylation states, pro-
cessing landmarks, and interactions with the tran-
scription machinery itself [223]. One of the earliest
components of the emerging mRNP is the CBC
(see mRNA processing section), which binds to
the 7-methylguanosine cap structure added shortly
after transcription initiation and acts as a hub for
downstream processing and export factor



recruitment [224,225]. CBC has been shown to
promote co-transcriptional splicing, guide the
assembly of export adaptors, and coordinate with
TREX machinery for proper nuclear export. CBC-
bound transcripts are typically retained in the
nucleus until processing is complete, thereby act-
ing as an early checkpoint in mRNP assembly
(184,226,227].

In S. cerevisiae, several of the RBPs that make
up the mRNP act as ‘guardian’ proteins - includ-
ing Npl3, Nab2, Hrpl, Gbp2, and Hrb1l — that are
co-transcriptionally recruited to nascent tran-
scripts. These adaptor factors associate with the
pre-mRNA as integral components of the mRNP,
acting as both sensors and quality control elements
(reviewed in [228].

Npl3 is one of the first RBPs to bind nascent
pre-mRNAs and functions in both splicing and
export. It responds to CTD Ser2 phosphorylation
and can compete with other export factors when
processing is incomplete [229,230]. Hrpl, while
primarily a 3’-end processing factor part of the
CPF-CF complex, also participates in quality con-
trol by recognizing aberrant cleavage events and
preventing premature export [231]. Nab2, a key
poly(A)-binding protein, regulates tail length and
contributes to transcript surveillance by interact-
ing with nuclear exosome cofactors under defec-
tive processing conditions [72].

Meanwhile, the SR-like proteins Gbp2 and
Hrbl, act dually as adaptors and quality sensors.
Their association with both mRNA and export
machinery depends on the transcript context and
is essential for coupling maturation to nuclear
export [232,233].

Beyond these core RBPs, the composition of
an mRNP is not fixed but varies depending on
the features of the transcript and the physiolo-
gical context. This compositional plasticity
allows cells to tailor mRNP assembly to specific
functional outcomes. For example, certain export
adaptor proteins may be preferentially recruited
in response to stress, specific mRNA sequence
elements, or transcriptional programs, thereby
modulating  export efficiency and  post-
transcriptional fate [234,235]. Such dynamic
assembly ensures that only properly processed
and contextually appropriate transcripts are
selected for export.
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Among these specific adaptor proteins, we can
find the RBP Mip6 which contributes to tran-
script-specific export regulation by binding to
Mex67. Mip6 selectively limits the nuclear export
of mRNAs induced by Msn2 and Msn4, two
stress-responsive transcription factors that activate
gene expression under adverse environmental con-
ditions. By restricting the premature export of
these transcripts under non-stress conditions,
Mip6 helps maintain proper gene expression
homeostasis and prevents unnecessary stress
responses [236].

Together, guard proteins ensure that export
competence is tightly coupled to splicing, 3’ end
formation, and polyadenylation, forming an addi-
tional surveillance layer that defines transcript fit-
ness before export to the cytoplasm.

The TREX complex

In order to coordinate mRNP formation and tran-
scription elongation, the THO complex, composed
of Tho2, Hprl, Mftl, Thp2, and Texl, binds to
elongating RNAPollI, particularly through interac-
tions with its phosphorylated C-terminal domain
(CTD) [237]. Additionally, the THO subunits
Tho2 and Hprl have been shown to interact
directly with chromatin [238,239]. reinforcing its
strategic positioning at sites of transcription, as
well as the coupling of nuclear events.

Through these interactions, THO engages with
the nascent mRNA to form the Transcription-
Export (TREX) complex. In yeast, TREX also
includes the DEAD-box helicase Sub2 and the
essential adaptor protein Yral [240,241]. Cryo-
EM reconstructions have revealed that Tho2 serves
as the central scaffold of the TREX complex, orga-
nizing the spatial configuration of the remaining
subunits and shaping the overall architecture
necessary for stable mRNA interactions [233].
Sub2 docks onto Tho2 via an extended interface,
stabilizing it in an RNA-bound active conforma-
tion that facilitates mRNA remodeling (Figure 5).

In parallel, the adaptor proteins Gbp2 and Hrbl
are recruited to the transcript through coordinated
contact with both THO and Sub2 [232]. Their
arginine-serine-rich (RS) domains and RRMs
enable dual binding to mRNA and export factors,
thereby supporting transcript compaction and
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Nucleus

Cytoplasm

Figure 5. mRNP formation and export through the NPC. the mRNP particle forms co-transcriptionally. The CBC bind to the 5" cap of
the mRNA and serves to recruit a series of adaptor proteins, including, Gbp2, Hrb1, Npl3 and Nab2 which bind the poly-A tail. The
TREX complex (made up by THO, Yral and Sub2) also binds and facilitates the recruitment of the export factors Mex67/Mtr2. These
export factors enable the crossing through the NPC by contacts with FC-repeats, while TREX remains within the nucleus. The helicase
Dbp5 displaces Mex67/Mtr2 — which traverses back the NPC — from the mRNA, to prevent its return to the nucleus. Created in

BioRender. https://BioRender.com/r6gam3m.

quality control. The CBC also acts upstream in this
cascade, facilitating Yral recruitment co-
transcriptionally through its interaction with
Sub2 and THO ([240,242]. Once deposited, Sub2
and Yral coordinate the replacement of early pro-
cessing factors with export factors, such as Mex67/
Mtr2, licensing the mRNP for export.

TREX occupancy across both intron-containing
and intronless genes also requires the NTC,
a spliceosome-associated factor that plays a dual
role in splicing (see Splicing section) and TREX
recruitment [191,243]. Additionally, Yral recruit-
ment is facilitated by mechanisms other than Sub2.
It can also interact with Pcfll, a member of the
CPF - CF complex [244], and is influenced by
Dbp2, a second DEAD-box helicase distinct from
Sub2 [245]. Yral also exhibits direct affinity for
mRNA, implying multiple, redundant pathways
for its stable mRNP association [237]. Together,
these diverse interactions illustrate the complexity

and redundancy of the TREX recruitment pathway
to safeguard mRNA maturation and export
readiness.

Mex67-Mtr2 export mechanism

As hinted in the previous sections, Mex67-Mtr2 is
the principal mRNA export factor in yeast [246]. It
is recruited to export-competent mRNPs through
adaptor proteins, which recognize processing mar-
kers and help coordinate nuclear export readiness
(Figure 5). Once associated with the mRNP,
Mex67-Mtr2 ensures the transcript is routed cor-
rectly toward the NPC [247]. Importantly, Mex67
plays a role not only as a transport factor but also
as a structural component of the export pathway.

In S. cerevisiae, the Mex67-Mtr2 heterodimer
serves as the principal mRNA export receptor,
orchestrating the translocation of mature mRNPs
through the nuclear pore complex (NPC) into the
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cytoplasm [246,247]. This complex forms the core
of the general mRNA export machinery and is
functionally conserved across eukaryotes. Mex67
is a modular protein comprising four domains:
an RRM, a leucine-rich repeat (LRR) domain,
a nuclear transport factor 2-like (NTF2L) domain,
and a ubiquitin-associated (UBA) domain
[248,249]. These domains collectively facilitate
mRNA binding and interactions with phenylala-
nine - glycine (FG)-repeat nucleoporins within the
NPC. Mtr2, characterized by its NTF2-like fold,
forms a stable heterodimer with Mex67, enhancing
the complex’s structural integrity and export func-
tionality [249].

Structural analyses have elucidated the spatial
arrangement of these domains, revealing that the
RRM and LRR domains of Mex67 are primarily
responsible for RNA binding, while the NTF2L
and UBA domains mediate interactions with FG-
nucleoporins [248]. Notably, the NTF2L domain
also contributes to mRNA binding, indicating
a more intricate role in mRNP recognition than
previously appreciated.

Functionally, Mex67-Mtr2 is recruited to
export-competent mRNPs via adaptor proteins
that recognize processing markers, ensuring that
only properly processed transcripts are exported.
Once associated with the mRNP, Mex67-Mtr2
interacts transiently with FG-repeat nucleoporins
within the NPC, facilitating the directional export
of mRNPs to the cytoplasm [250].

Beyond mRNA, Mex67-Mtr2 also partakes in
the nuclear export of other RNA species, including
pre-60S and pre-40S ribosomal subunits, as well as
certain tRNAs. This versatility underscores its role
as a general RNA export factor [251,252].

Intriguingly, recent studies have demonstrated
that Mex67-Mtr2 exhibits a preferential binding
affinity for double-stranded RNA (dsRNA) over
single-stranded RNA (ssRNA). This preference
suggests a role in the selective export of structured
RNA molecules and may contribute to the regula-
tion of gene expression under specific cellular con-
ditions [253].

Recent quantitative fluorescence microscopy has
demonstrated that Mex67 exhibits limited interac-
tion with nuclear mRNA and primarily localizes to
the NPC independently of its cargo [254]. This
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behavior implies that Mex67 functions as
a ‘mobile nucleoporin’, dynamically integrating
into the NPC scaffold via transient interactions
with FG-repeat domains. In this capacity, it acts
more like a gatekeeper stationed at the pore,
receiving mRNP substrates at the central channel
and facilitating their directional translocation to
the cytoplasm. Supporting this spatial role,
a fusion of Mex67 to the nucleoporin Nupl16 is
sufficient to rescue a deletion of MEX67, under-
scoring that its essential export function is spatially
restricted to the NPC.

The TREX-2 complex

mRNA transcription and export are also facilitated
by the TREX-2 complex (also known as the THSC
complex), in addition to TREX. This complex is
conserved in most eukaryotes [255-257]. In
S. cerevisiae, TREX-2 is built with the scaffold
subunit Sac3, which is associated with Seml,
Thpl, Cdc31, and two copies of the Susl protein,
which is also a constitutive component of the
DUBm of SAGA [214,258].

Regarding the structural disposition of TREX-2,
the N-terminus of Sac3 has FG repeats similar to
several nucleoporins, allowing it to bind to the
Mex67/Mtr2 heterodimer [259,260]. The central
part of Sac3 binds to Seml and Thpl as well as
to mRNA [261]. Additionally, the C-terminus con-
tains a Cdc31-binding domain (CID) that serves as
a binding site for Cdc31 and its two Susl subunits.
This CID region enables tethering of TREX-2 to
the NPC with the participation of the basket
nucleoporins Nupl and Nup60 [262] (Figure 6).

TREX-2 is functionally linked to ‘gene gating,
a process by which actively transcribed genes are
positioned near the NPC to facilitate efficient
mRNA export [263]. This tethering involves an
interaction between TREX-2, SAGA, and the
Mediator complex, a key coactivator that supports
transcription initiation by bridging activators and
RNAPolIl. Through Mediator, TREX-2 helps
recruit transcriptional machinery to promoters
and anchors these loci at the nuclear periphery,
thus coupling transcription activation with export
readiness [264].
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Figure 6. Interplay between SAGA and TREX-2: gene Gating.
Localisation of actively transcribed genes to the NPC, so that
they can be promptly exported to the cytoplasm. Created in
BioRender. https://BioRender.com/r16q075.

Role of the nuclear pore complex

In order to reach the cytoplasm, the mRNP has to
traverse the nuclear pore complex (NPC),
a massive ~60 MDa channel embedded in the
nuclear envelope.

As this review addresses broad aspects of the
nuclear phases of gene expression, detailed descrip-
tions of the NPC are available in other sources [265-
267]. In brief, the yeast NPC consists of ~ 30 differ-
ent proteins, termed nucleoporins, which assemble
into an octagonally symmetric scaffold with func-
tional and structural conservation across eukaryotes
[266]. Although traditionally viewed as a passive
conduit, recent data have challenged this idea.
Single-molecule imaging and biochemical analyses
have shown that the NPC is a heterogeneous and
adaptable structure that selectively remodels or fil-
ters cargo [268]. Its FG-repeat regions, intrinsically
disordered and densely packed in the central chan-
nel, create a selective barrier that only allows prop-
erly loaded export complexes to transit.

The translocation of mRNPs through the NPC
is directional and energy-dependent, but rather
driven by transport GTPases, as in protein or
tRNA export, directionality arises from ATP-
dependent remodeling of the cytoplasmic face of
the pore. Recent live-cell imaging by Ashkenazy-
Titelman et al. [269]. However, this binding must
be reversed once the export is complete to prevent
mRNP reentry and license translation.

This remodeling is catalyzed by the DEAD-box
ATPase Dbp5, which is anchored to the

cytoplasmic filaments of the NPC via the nucleo-
porin Nup159. Upon engagement, Dbp5 remodels
the mRNP by displacing export factors, such as
Mex67/Mtr2, which travel back to the nucleus,
ensuring that the transcript is rendered transla-
tion-competent and cannot diffuse back into the
nucleus [270,271] (Figure 5).

Cryo-EM and biochemical studies have recently
visualized this step in greater detail. Bonneau et al.
[272] showed that nuclear mRNPs are compact
and modular particles stabilized by extensive
RNA - RNA and protein - RNA networks.
These compacted structures are likely shaped by
the action of TREX and the cap-binding complex
(CBC) during transcription and processing. As the
mRNP exits the pore, these networks must be
locally unwound by Dbp5 to permit cytoplasmic
engagement with the translation machinery.

In support of this remodeling checkpoint
model, structural work by Xie et al. [273], demon-
strated how the TREX-2 complex, tethered to the
nuclear basket through Nupl and Nup60, facili-
tates the recruitment of Mex67 and orchestrates
the release of earlier processing factors such as
Sub2. By exposing the mRNA-binding surface of
the mRNP at the NPC interface, TREX-2 ensures
that only properly processed transcripts engage the
export pathway, whereas Dbp5 remodeling at the
cytoplasmic face provides the final handoff into
translation.

Altogether, the formation and export of mRNPs
constitute a highly orchestrated and selective pro-
cess, marked by remarkable variability in compo-
sition and regulation. Each transcript assembles
into a distinct mRNP, shaped by factors such as
gene identity, intron content, transcriptional
dynamics, and cellular conditions. This variability
extends to the selective recruitment of RBPs,
whose association with transcripts is influenced
by both cis-acting RNA elements and co-
transcriptional processing events. At the nuclear
periphery, the NPC further contributes to this
specificity, functioning not as a passive channel
but as a dynamic and heterogeneous gatekeeper
that selectively permits the transit of export-
competent mRNPs. This multilevel surveillance
and adaptability ensure that only properly
matured and appropriately configured transcripts
reach the cytoplasm - highlighting the essential
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Figure 7. Integrated overview of mRNA life cycle: from transcription to Export. This schematic provides a summary of the key stages
in the eukaryotic mRNA life cycle. Transcription by RNA polymerase II (RNAPolll) proceeds through initiation, elongation and
termination, accompanied by co-transcriptional modifications such as 5’ capping, splicing (not shown), and 3’ end processing,
including cleavage and polyadenylation. The resulting mature mRNA is packaged into a messenger ribonucleoprotein (mRNP)
complex with the aid of multiple processing and export factors, including TREX, Mex67 and Nab2. The mRNP is then transported
through the nuclear pore complex (NPC) into the cytoplasm for translation. This integrated depiction underscores the coordination
between transcriptional, processing and export machineries to ensure accurate and efficient gene expression. Created in BioRender.
https://biorender.com/o0piOna.
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role of mRNP diversity and NPC selectivity in
maintaining accurate and responsive gene
expression.

Concluding remarks and future questions

Over the past decades, studies in Saccharomyces
cerevisiae have shaped our understanding of gene
expression, offering a model system to dissect con-
served mechanisms of chromatin modification, tran-
scription, mRNA processing, and export. This
review presents an integrative picture of these steps,
emphasizing how gene expression is a dynamic,
tightly regulated continuum - from nucleosome
architecture to transcript delivery into the cyto-
plasm. In particular, the interplay between histone
marks (such as H2BK123ub' and H3K4/36/79
methylation), transcriptional machinery (notably
RNAPolII and its CTD modifications), and the cou-
pling of mRNA biogenesis to nuclear export
(Figure 7) underscores the complexity and coordina-
tion underlying gene regulation.

Importantly, we highlight how the so-called
‘nuclear steps” of gene expression are not isolated
but highly interconnected: chromatin marks mod-
ulate transcriptional kinetics; splicing influences
export competence; and mRNP composition is
tailored to transcript identity and cellular context.
The final checkpoint at the nuclear pore - gov-
erned by TREX, TREX-2, and Mex67-Mtr2, and
ultimately remodeled by Dbp5—ensures that only
properly processed transcripts reach the cyto-
plasm. Together, these mechanisms underscore
the selective and robust nature of gene expression
surveillance.

Future advances in this field are likely to come
from the integration of structural, imaging, geno-
mic, and single-molecule approaches. Unresolved
questions remain, including:

e To what extent are chromatin marks predic-
tive of mRNA export/surveillance outcomes?

e How are mRNPs selectivity modulated under
physiological or stress conditions?

e What is the spatial organization of these pro-
cesses within the nucleus?

Moreover, advances in cryo-EM, proximity label-
ing, and high-resolution live-cell imaging will be

pivotal in resolving the spatial and temporal order
of events, revealing how gene expression is orche-
strated in real time. By continuing to use yeast as
a model system while expanding comparative ana-
lyses to metazoans, we will deepen our under-
standing of how cells maintain gene expression
fidelity in health and disease.
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