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Abstract

Polyadenylation occurs at numerous sites within 3′‐untranslated regions (3′‐UTRs)

but rarely within coding regions. How does Pol II travel through long coding regions

without generating poly(A) sites, yet then permits promiscuous polyadenylation once

it reaches the 3′‐UTR? The cleavage/polyadenylation (CpA) machinery preferentially

associates with 3′‐UTRs, but it is unknown how its recruitment is restricted to 3′‐

UTRs during Pol II elongation. Unlike coding regions, 3′‐UTRs have long AT‐rich

stretches of DNA that may be important for restricting polyadenylation to 3′‐UTRs.

Recognition of the 3′‐UTR could occur at the DNA (AT‐rich), RNA (AU‐rich), or

RNA:DNA hybrid (rU:dA‐ and/or rA:dT‐rich) level. Based on the nucleic acid critical

for 3′‐UTR recognition, there are three classes of models, not mutually exclusive, for

how the CpA machinery is selectively recruited to 3′‐UTRs, thereby restricting

where polyadenylation occurs: (1) RNA‐based models suggest that the CpA complex

directly (or indirectly through one or more intermediary proteins) binds long AU‐rich

stretches that are exposed after Pol II passes through these regions. (2) DNA‐based

models suggest that the AT‐rich sequence affects nucleosome depletion or the

elongating Pol II machinery, resulting in dissociation of some elongation factors and

subsequent recruitment of the CpA machinery. (3) RNA:DNA hybrid models suggest

that preferential destabilization of the Pol II elongation complex at rU:dA‐ and/or

rA:dT‐rich duplexes bridging the nucleotide addition and RNA exit sites permits

preferential association of the CpA machinery with 3′‐UTRs. Experiments to provide

evidence for one or more of these models are suggested.
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1 | INTRODUCTION

The 3′‐ends of eukaryotic messenger RNAs (mRNAs) are generated

during the process of transcriptional elongation by RNA polymerase II

(Pol II). During elongation, the nascent transcript is cleaved followed

by addition of a poly(A) tail (Bentley, 2014; Kumar et al., 2019;

Proudfoot et al., 2002; Tian & Manley, 2013, 2017). Cleavage and

polyadenylation occur at numerous sites within the 3′‐untranslated

region (3′‐UTR), thereby generating ~50 3′ mRNA isoforms for a

typical yeast gene (Moqtaderi et al., 2013; Ozsolak et al., 2010;

Pelechano et al., 2013). As Pol II traverses the gene, there is a kinetic

competition between the Pol II elongation and cleavage/polyadeny-

lation (CpA) machineries. The level of CpA also depends on the RNA

sequence.

In accord with kinetic competition, analysis of Pol II mutants

indicates that the rate of Pol II elongation regulates the profile of poly

(A) sites. Slow Pol II elongation causes a preference for usage of

proximal poly(A) sites in yeast, fly, and human cells (Geisberg

et al., 2020, 2022; Liu et al., 2017; Pinto et al., 2011; Yague‐Sanz

et al., 2020). Yeast cells undergoing the diauxic response have a slow
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Pol II elongation rate, resulting in an upstream‐shifted poly(A) profile

that is strikingly similar to that caused by slow Pol II mutants

(Geisberg et al., 2020). Conversely, fast Pol II elongation in yeast

shifts polyadenylation towards distal sites (Geisberg et al., 2020, 2022).

Although the Pol II speed mutants shift the relative abundance of 3′

isoforms, they do not generate new poly(A) sites. The upstream and

downstream shifts in poly(A) profiles occur continuously at the single

nucleotide level (Geisberg et al., 2022). This indicates that the CpA

and Pol II elongation complexes are spatially, and perhaps physically,

coupled in vivo during the process of CpA, in accord with functional

interactions between the transcription and CpA machineries

(Bentley, 2014; He et al., 2003; Licatalosi et al., 2002; Nordick

et al., 2008). This coupling strongly suggests that polyadenylation

occurs rapidly upon emergence of the nascent RNA from the Pol II

elongation complex (Geisberg et al., 2022).

2 | HOW DOES ELONGATING POL II
RECOGNIZE 3′‐UTRS? THE PARADOX

The large number of poly(A) sites within 3′‐UTRs indicates that the

CpA machinery is quite promiscuous with respect to sequence

preferences. In this regard, polyadenylation of random‐sequence

RNAs (generated from a random‐sequence chromosome) occurs at

many sites, with the pattern of poly(A) sites being similar (though not

identical) to that of bona fide yeast mRNAs (Gvozdenov et al., 2023).

Despite the promiscuity of the CpA machinery, there is very little

polyadenylation within coding regions (~1% of the level within 3′‐

UTRs) even though coding regions are much longer than 3′‐UTRs.

This very low level of polyadenylation in coding regions is not due to

rapid degradation, because half‐lives of poly(A)‐containing RNAs

within coding regions are similar to those of mRNAs on an overall

basis (Geisberg et al., 2014).

These observations lead to the following paradox. How does Pol

II travel through long coding regions without generating poly(A) sites,

yet then permits promiscuous polyadenylation once it reaches the 3′‐

UTR? At one level, the paradox is explained by chromatin immuno-

precipitation experiments showing strong and preferential associa-

tion of the CpA machinery with 3′‐UTRs (Kim et al., 2010; Nedea

et al., 2003) that depends on phosphorylation of the Pol II C‐terminal

tail by Ctk1 kinase (Ahn et al., 2004). However, the key question of

how CpA complex recruitment is largely restricted to 3′‐UTRs during

the process of Pol II elongation remains unanswered. The CpA

complex associates with coding regions at modest levels (Kim

et al., 2010; Nedea et al., 2003), but it is unknown why this

association leads to much lower levels of polyadenylation than

expected.

3′‐UTRs and coding regions must have different sequence

properties so that the Pol II elongation machinery can distinguish

between them. Presumably, these differences allow the CpA

machinery to be recruited to and/or function efficiently within 3′‐

UTRs but not within coding regions. At present, very little is known

about the molecular mechanism(s) involved in this discrimination.

3 | SEQUENCES THAT DISTINGUISH
CODING REGIONS FROM 3 ′‐UTRS

3′‐UTRs are modular entities that are generally sufficient to

determine polyadenylation profiles of the vast majority of yeast

genes. Specifically, in 26 out of 27 cases tested, poly(A) profiles are

essentially identical when either (1) the entire coding region is

deleted, (2) a large gene is inserted in frame between the coding

region and 3′‐UTR, or (3) coding regions of genes from different

chromosomes are swapped (Lui et al., 2022). Thus, in addition to

coding regions and 3′‐UTRs being functionally distinct with respect

to translation via sense and nonsense codons, they are also

independent and functionally distinct modules with respect to

polyadenylation (and subsequent transcriptional termination that

follows the cleavage step).

At the DNA level, polyadenylation in yeast 3′‐UTRs is associated

with a long degenerate motif characterized by a long AT‐rich stretch

followed by shorter A‐ and T‐rich sequences; this motif is absent in

coding regions (Moqtaderi et al., 2013). Mutations within these

regions reduce the efficiency of 3′‐end formation (Hyman et al., 1991).

In addition, the choice of specific poly(A) sites is influenced by a local

sequence that relies on A residues after the cleavage point

(Moqtaderi et al., 2013). The restriction of poly(A) sites to 3′‐UTRs

is also true for metazoans even though poly(A) site selection is

influenced by an AAUAAA motif 10–30 nt upstream of the poly(A)

site (Colgan & Manley, 1997; Proudfoot & Brownlee, 1976; Zhao

et al., 1999). However, numerous AAUAAA motifs in coding regions

and introns are not used for polyadenylation, and there is extensive

3′‐end heterogeneity even when AAUAAA motifs are present

(Geisberg et al., 2022).

Although deletion of the coding region does not generally affect

poly(A) site selection, the poly(A) profile of an exceptional mutant

strongly suggests that the long AT‐rich stretch plays a critical role in

distinguishing 3′‐UTRs from coding regions (Lui et al., 2022).

Specifically, deletion of the BYE1 coding region juxtaposes an

abnormally AT‐rich region within the 5′‐UTR to the 3′‐UTR, and this

derivative causes a dramatic upstream shift in the poly(A) profile. In

this exceptional situation, the AT‐rich stretch is shifted further

upstream, thereby establishing a functional connection between this

stretch and poly(A) site utilization.

At present, the hypothesis that the long AT‐rich stretch is critical

for restricting polyadenylation to 3′‐UTRs is based on a single genetic

circumstance. In addition, it is unclear what features of the AT‐rich

region (e.g., length, nucleotide composition, short sequence motifs)

are functionally important. It is noteworthy that the AT‐rich stretch in

natural yeast genes has a bias to T residues on the coding strand, and

the abnormally AT‐rich region in the exceptional BYE1 derivative also

has a very strong bias to T residues in the coding strand. Such T

stretches on the coding strand are associated with transcriptional

termination by bacterial (Ray‐Soni et al., 2016) and archaeal (Maier &

Marchfelder, 2019) RNA polymerases and by eukaryotic RNA

polymerase III (Arimbasseri & Maraia, 2015). Perhaps, long AT‐rich

stretches with a bias to T residues on the coding strand play an
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analogous, but intermediate, role in Pol II termination by affecting

CpA, which triggers termination.

4 | DOES THE DISTINCTION BETWEEN
3′‐UTRS AND CODING REGIONS OCCUR AT
THE DNA OR RNA LEVEL OR BOTH?

In principle, the 3′‐UTR could be defined at the DNA (AT‐rich), RNA

(AU‐rich), or RNA:DNA hybrid level (Figure 1). While cleavage and

polyadenylation occur on RNA, this doesn't mean that the 3′‐UTR is

distinguished from coding regions via RNA, because CpA is directly

linked to Pol II elongation, which occurs on DNA (Geisberg

et al., 2020). The nucleic acid critical for recognition of the 3′‐UTR

is linked to molecular models for why polyadenylation is restricted to

3′‐UTRs. As the CpA machinery preferentially associates with 3′‐

UTRs, DNA‐, RNA‐, or RNA‐DNA hybrid‐based models are distin-

guished by the mechanism of preferential recruitment/stabilization of

the CpA machinery to 3′‐UTRs. All the models discussed below

assume that the long AT/U‐rich stretch plays a critical role (Figure 1).

5 | RNA‐BASED MODELS

Cleavage and polyadenylation ultimately occur on RNA, so RNA‐

based models seem the most straightforward and represent the

prevailing view. The simplest model is that the CpA complex

directly (or indirectly through one or more intermediary proteins)

binds long AU‐rich stretches that are exposed after Pol II passes

through these regions. In yeast, the AU‐rich sequence is very

degenerate, so recognition is unlikely to involve a defined

sequence motif. Metazoans have an AAUAAA motif that is

important for recruitment of the CpA complex (Chan et al., 2014;

Schonemann et al., 2014; Sun et al., 2018), but many AAUAAA

sequences in introns, 3′‐UTRs, and coding regions do not support

polyadenylation (Geisberg et al., 2022).

For RNA‐based models, the long, degenerative motif linked to

polyadenylation (Moqtaderi et al., 2013) suggests that a relatively

long AU‐rich sequence must be exposed after passage of Pol II so

that polyadenylation occurs at downstream sites. This poses

questions about the nature of CpA complex recruitment as well as

how CpA occurs at multiple sites downstream of the AU‐rich stretch.

Regarding recruitment of the CpA complex, the relatively long length

of the AU‐rich stretch might reflect a requirement for multivalent and

weak RNA‐protein interactions over the entire AU‐rich stretch (Gross

& Moore, 2001). Alternatively, RNA:RNA interactions within the AU‐

rich stretch could generate structures recognized by the CpA

machinery.

The mechanism by which the recruited CpA complex functions at

multiple downstream sites must be linked to the nucleotide‐level

linkage and presumed stereochemical relationship between the Pol II

elongation and CpA machineries (Geisberg et al., 2022). One

possibility is that CpA recruitment to a particular site leads to a

stable interaction with the Pol II elongation machinery that permits

threading of the DNA template and newly synthesized RNA. In such a

model, the CpA machinery occupies a single location within the AU‐

rich stretch, and threading allows the same physical entity to perform

CpA at multiple sites. Alternatively, the CpA machinery might

translocate to multiple positions within the AU‐rich stretch as

elongating Pol II traverses the gene. In this regard, AU‐rich stretches

persist 20‐30 nt downstream from poly(A) sites (Moqtaderi

et al., 2013).

6 | DNA‐BASED MODELS

3′‐UTRs might be recognized at the DNA level by virtue of their

nucleosome‐depleted status (Fan et al., 2010). High AT‐rich

sequences within 3′‐UTRs are both intrinsically inhibitory to

nucleosome formation (Peckham et al., 2007; Sekinger et al., 2005)

and are a substrate for the RSC complex, which mediates nucleosome

depletion (Lorch et al., 2014). Pol II and its associated factors travel

F IGURE 1 Models for how polyadenylation is restricted to 3′‐UTRs. Diagram of RNA polymerase II (yellow oval) transcribing through an
AT‐rich (70% A + T with a preference of T residues on the coding strand) stretch of DNA in the 3′‐UTR. DNA (black sequence), RNA (green
sequence), RNA‐DNA hybrid (black/green duplex), dissociated nontemplate strand (sequence below the duplex), and Pol II active site (red
pointed circle) are indicated. The cleavage/polyadenylation (CpA) machinery (orange oval) is stereo‐positioned (ovals touching) with respect to
Pol II and a CpA site (blue arrow). DNA, RNA, and RNA:DNA hybrid models are shown with respect to their site of action; DNA models could
involve sequences upstream and/or downstream of the active site.
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efficiently through coding regions, but some factors dissociate from

the template at the 3′‐UTR (Kim et al., 2004; Mayer et al., 2010),

perhaps due to low histone density. Dissociation of these factors

from the elongating Pol II machinery might facilitate recruitment of

the CpA complex and subsequent formation of mRNA 3′ ends.

Conversely, the CpA complex might preferentially associate with the

elongating Pol II complex at nucleosome‐depleted regions, thereby

causing dissociation of some components of the Pol II elongation

machinery within the 3′‐UTR.

Alternatively, 3′‐UTR recognition and CpA complex recruitment

might be due to changes in the composition and/or the conformation

of the elongating Pol II machinery when it traverses an extended

region of high AT content. In this regard, Pol II occupancy (assayed by

native elongation transcription sequencing, NET‐seq) in human cells

decreases around the AT‐rich region, presumably reflecting a local

increase in Pol II speed or perhaps a change in the nature of the

elongating Pol II machinery (Geisberg et al., 2022). In contrast to

decreased Pol II occupancy just before CpA, Pol II occupancy

increases after CpA occurs, reflecting a slowdown in elongation

associated with the termination process (Geisberg et al., 2022).

7 | RNA:DNA HYBRID MODELS

At every moment during Pol II elongation, there is an ~8 nucleotide

RNA:DNA hybrid located just upstream of the nucleotide addition

site and just downstream of the region where RNA emerges from the

elongation complex. This RNA:DNA hybrid is the primary stability

determinant of the Pol II elongation complex (Kireeva et al., 2000;

Wilson et al., 1999), and shortening of the RNA:DNA hybrid causes

dissociation of the complex and leads to termination in vitro

(Komissarova et al., 2002; Wilson et al., 1999). RNA:DNA hybrids

involving AT/U‐rich stretches are much less stable than those

involving GC‐rich stretches (Casey & Davidson, 1977), so long AT/U

stretches are expected to reduce stability of elongation complexes. In

addition, rU:dA duplexes are less stable than rA:dT duplexes (Casey &

Davidson, 1977), perhaps explaining why Pol II termination occurs

preferentially at T‐rich stretches on the coding strand (Han

et al., 2023), and why AT‐rich stretches in 3′‐UTRs are biased

toward T residues on the coding strand. Thus, preferential destabi-

lization of RNA:DNA duplexes throughout long AT‐rich sequences

could explain how the Pol II elongation machinery distinguishes 3′‐

UTRs from coding regions. In this model, local destabilization of the

Pol II elongation machinery at AT‐rich sequences does not cause

termination per se, but rather renders these regions permissive for

CpA recruitment and/or activity.

8 | RESOLVING THE MODELS

Several types of experiments would be useful in distinguishing between

and evaluating the contributions of these classes of models: (1)

determining the sequence preferences of AT‐rich stretches for

generating poly(A) profiles and linking these profiles to biochemical

properties (e.g., RNA:DNA duplex stability, nucleosome occupancy,

association with RNA‐binding proteins) via analysis of many derivatives

of AT‐rich stretches; (2) determining poly(A) profiles in cells treated

with analogues of thymine or uracil to create conditions that

respectively have modified DNA or RNA; (3) analyzing poly(A) profiles

in strains defective in a wide variety of mutant strains that affect Pol II

elongation, the CpA complex, mRNA processing, mRNA turnover,

chromatin as well as Pol II mutants that affect known structure and/or

functions (e.g., RNA:DNA hybrids). Importantly, the three classes of

models are not mutually exclusive and indeed may all contribute to why

polyadenylation is very strongly restricted to 3′‐UTRs.
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