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During polyadenylation, a polyadenosine sequence-namely, a poly(A) tail-is added to the 3′ end of a transcript.

Together with the removal of introns and the addition of a 5′ cap, polyadenylation constitutes a major step in pre-

mRNA maturation. The polyadenylation process can be divided into two major steps: first, newly transcribed pre-

mRNA is cleaved and its 3′ end is generated; then, a specific enzyme-poly(A) polymerase (PAP)-generates the

poly(A) tail independently from the template, starting from the cleavage site.
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1. Polyadenylation Process

During polyadenylation, a polyadenosine sequence-namely, a poly(A) tail-is added to the 3′ end of a transcript.

Together with the removal of introns and the addition of a 5′ cap, polyadenylation constitutes a major step in pre-

mRNA maturation . The polyadenylation process can be divided into two major steps: first, newly transcribed

pre-mRNA is cleaved and its 3′ end is generated; then, a specific enzyme-poly(A) polymerase (PAP)-generates the

poly(A) tail independently from the template, starting from the cleavage site . These two steps depend on the

interplay between various cis- and trans-acting factors (Figure 1). Cis elements, which are typically located in 3′-

UTRs, determine the position of cleavage and polyadenylation site in mRNA . The most crucial cis-element is an

RNA sequence motif called the polyadenylation signal (PAS). In animals, the canonical PAS is the hexanucleotide

sequence AAUAAA . The cleavage site is located around 10 to 30 nucleotides downstream from the PAS,

between the PAS and a core downstream sequence element (DSE)-a U-/GU-rich sequence, which is itself located

14–70 nucleotides downstream of the cleavage site (Figure 1) . The cleavage itself occurs just before an

adenosine residue, mostly after cytosine. Another cis-element that is involved in the polyadenylation process is a

U-rich/UGUA upstream sequence element (USE) located upstream of PAS. All three cis-elements are recognized

by their respective trans-acting factors, which interact with each other through the carboxyl-terminal domain (CTD)

of RNA polymerase II (RNAPII) . PAS recruits cleavage and polyadenylation specificity factor (CPSF), DSE is

recognized by cleavage stimulation factor (CstF), and USE recruits cleavage factor I  (CFI ). Cooperation

between those factors leads to cleavage. The subsequent cooperation between nuclear poly(A)-binding protein

(PABPN1) and PAP allows for the generation of the poly(A) tail at the cleavage site: PABPN1 acts as a type of

‘ruler’, which is important for the synthesis of an appropriately sized poly(A) tail, while PAP performs a non-

templated addition of adenosine residues .
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Figure

1. A scheme representing the cooperation between cis-elements and trans-factors, which are involved in a

polyadenylation process. CFIm–cleavage factor Im; CFIIm–cleavage factor IIm; CPSF–cleavage and

polyadenylation specificity factor; CstF–cleavage stimulation factor; CTD–carboxyterminal domain of RNA

polymerase II; DSE–downstream element; P–phosphorylated serines of CTD; PABPN1–nuclear poly(A) binding

protein; PAP–poly(A) polymerase; PAS–poly(A) signal; RNAPII–RNA polymerase II; USE–upstream element; XA–

cleavage site.

2. Polyadenylation Roles

The poly(A) tail plays an important role in a transcript’s life cycle . For example, it is responsible for mediating

the transport of mature mRNA into the cytoplasm through the NXF1-dependent pathway using nuclear-pore

complexes embedded in the nuclear envelope . Poly(A) tails are also involved in maintaining the stability of

transcripts. They participate in the regulation of mRNA degradation through the process of deadenylation, which is

commonly activated in post-transcriptional regulation via the sequence-specific binding of microRNA (miRNA),

together with miRNA-induced silencing complex (miRISC), to the 3′-UTR . Poly(A) tails are also important for

translation regulation . It is suggested that they interact functionally and physically with the 5′ cap of mRNA,

creating a closed-loop structure that promotes the initiation of translation.

In metazoa, almost all mRNAs undergo polyadenylation. One of the exceptions is replication-dependent histone

protein mRNAs, which form a highly conserved stem-loop structure . Additionally, according to a recent

comprehensive study , nearly 50% of long non-coding RNAs (lncRNAs) undergo polyadenylation, and the

resulting poly(A) tails are important for their regulation at the cellular level .

3. Length and Composition of Tails

The lengths of poly(A) tails can vary between transcripts. For example, mRNAs of highly expressed genes, such as

housekeeping genes, usually possess shorter poly(A) tails, whereas poorly translated transcripts and lncRNAs
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have longer tails . Generally, the length range for specifying a short or long tail is dependent on the

population of transcripts analyzed. For example, in a Caenorhabditis elegans study, half of the transcripts

possessed poly(A) tails in the range of 70 to 94 A residues; therefore, short tails were defined as those with ≤70 A

residues, and long ones, as those with >94 A residues . The existence of shorter tails may be also explained by

the fact that some genes (e.g., albumin and transferrin) contain poly(A)-limiting element (PLE), which tends to

restrict the initial length of poly(A) tails from the pre-mRNA stage . Additionally, a cytoplasmic polyadenylation

element (CPE) can modulate the length of a poly(A) tail after the export of the transcript from the nucleus . It is

located in the 3′-UTR, near PAS, and its most common sequence is UUUUAU . As investigated in neurons and

during early development, CPE can influence the length of the poly(A) tail through the binding of proteins to this

motif (e.g., CPEB) . CPEB can promote either cytoplasmic polyadenylation or deadenylation. When it is

deactivated (dephosphorylated), it recruits poly(A) ribonuclease deadenylase (PARN) to deadenylate and repress

the expression of mRNA. On the other hand, when it is phosphorylated, it promotes the expulsion of PARN,

thereby leading to polyadenylation by germ-line development factor 2 (GLD2) . This cytoplasmic

polyadenylation process occurs in mRNAs that already contain a short poly(A) tail and usually activates translation,

leading to increased protein expression.

An interesting fact is that poly(A) tails are not limited to possessing A residues: reports indicate that cytosines,

guanosines, and uridines can also be incorporated into the poly(A) tail. While the role of cytosines added to the

poly(A) tail remains to be elucidated, the guanylation and uridylation of poly(A) tails are quite well understood.

Guanylation occurs only for longer poly(A) tails and can slow down deadenylation, delaying transcript decay .

Guanylation frequently occurs for long-lived transcripts with a slow turnover, e.g., transcripts encoding secreted

proteins . On the other hand, uridylation is usually found in short tails and marks transcripts for decay .

This process tends to be a key factor in germline development, differentiation, and early embryogenesis, where

short-lived transcripts, with relatively fast turnover, predominate . The lengths of poly(A) tails might also depend

on circadian rhythms and the cell cycle . By studying multiple mouse liver mRNAs, researchers

demonstrated that rhythmic changes in poly(A) tail lengths were under the control of the circadian clock. Even

more importantly, they presented data indicating that rhythmic poly(A) tail lengths are correlated with rhythmic

protein expression . With regard to the cell cycle, TAIL-Seq analysis suggests that global RNA decay takes place

during the S phase through the accumulation of terminal uridylation. On the other hand, the accumulation of

terminal guanylation occurs during the M phase of the cell cycle, leading to the assumption that the majority of the

transcriptome is then protected from active deadenylation .

4. Alternative Polyadenylation (APA)

Apart from the canonical PAS-the AAUAAA hexamer-other weaker signals called alternative PASs, may be present

in transcripts. Generally, the higher the sequence similarity between an alternative and canonical PAS, the stronger

the recognition of the alternative PAS. When this alternative PAS is selected as a signal for the cleavage and

polyadenylation event, the process is described as alternative polyadenylation (APA). APA is thought to occur for

around 70% of human protein-coding genes and can also affect non-coding RNAs, such as lncRNAs . The
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affected transcripts can exhibit various numbers of APA events in a few or multiple APA sites. APA can dramatically

modulate the expression of a specific gene and affect the fate of its transcript, including its half-life and cellular

localization . Depending on the alternative PAS localization, APA can occur either in 3′-UTRs (UTR-APA) or

upstream of the last exon: in introns or protein-coding exons (UR-APA). UR-APA can lead to the production of

truncated proteins with different functions (protein diversification), or the production of dysfunctional proteins. On

the other hand, when APA occurs in the 3′-UTR of a transcript, it leads to the creation of an mRNA of different

lengths, which still codes for a full-length protein. In such cases, APA can affect the expression of a gene by, for

example, changing the number of miRNA-binding sites in the transcript. As it was shown that the 3′-UTR can

regulate protein localization independently from mRNA localization, it can act as a scaffold for various protein

complexes which, when recruited to translation sites, can interact with specific domains of newly translated

proteins . This, in turn, leads to the translocation of such proteins. An example is a CD47 transcript, whose short

3′-UTR promotes the localization of the protein at the ER, while its longer isoform promotes its translocation to the

plasma membrane . The occurrence of APA can be regulated in many ways, one being the ‘strength’ of

alternative PASs. The more similar the sequence of an alternative PAS is to that of the canonical PAS, the stronger

the alternative PAS will be. Moreover, the localization of a specific PAS within a transcript sequence is also worth

mentioning. Typically, PASs localized closer to the start codon (proximal) are considered to be weaker, while PASs

localized further from the start codon (distal) are stronger . Core polyadenylation factors, as well as other RNA-

binding proteins (RBPs), can also regulate APA. For example, PABPN1 enhances the selection of distal PASs by

competing with cleavage and polyadenylation complexes: it recognizes a weak PAS and binds to it, thereby

blocking CPSF binding . Regarding RBPs, HuR protein favors the selection of a distal PAS by binding to U-

rich elements lying close to a proximal PAS . Another crucial group of RBPs involved in APA is muscleblind-like

(MBNL) proteins, whose binding sites are present in the close vicinity of many PASs. In myotonic dystrophy (DM),

MBNL proteins were shown to either activate or suppress polyadenylation at specific sites . PABPN1, MBNL,

and HuR proteins are described in more detail in the following chapters.
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