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What is the function of the PAP-dependendent 
polyA tail?

1) Increases RNA stability

2) Favours the mRNA transport to the cytoplasm

3) Increases translation efficiency by favouring the loading of

ribosomal 40S subunit

4) Stimulates mRNA transcription termination



AAAAAAAAAAA

POLYADENYLATION

mRNA maturation

X

The polyA tail is not transcribed 
from the DNA but it is added to the 
mRNA during a process named 
polyadenylation. 



SEQUENCE ALLINEAMENT OF cDNAs STARTING FROM THE POLYA TAIL

AUG UAA GGUUAUCCAUCAAUAAA…….GCUAUACGCAAAAnglobin

AUG UAA CCACUGGGCCAAUAAA…….GCUAUACGCAAAAn
Ig

AUG UAA GCAACCUCGAAUAAA…….GCUAUACGCAAAAnOvoalbumin

AUG UAA AUCUGGAGGAAUAAA…….GCUAUACGCAAAAn

AUG UAA UAUAGAUCCAAUAAA…….GCUAUACGCAAAAnMyc

Polymerase

AAUAAA consensus

5’UTR 3’UTR

15-20 nt

Looking for consensus sequences in mammals



mRNA

DNA

AUG$ UAA$ GGUUAUCCAUCAAUAAA…….GCUAUACGCAAAAn#

GGTTATCCATCAATAAA……..GCTATACGCA…......GTGTGTTGTT$

GU rich

LOOKING FOR CONSENSUS SEQUENCES IMPORTANT FOR POLYADENYLATION



transfection

Recombinant DNA preparation

RNA extraction
After 24 h

Northern blot

HeLa cells

In vivo polyadelynation analysis

*
Mutations in conserved sequences

mut1mut2 mut3 WT

polyA



consensus

Polyadenylation efficiency

Efficiency 

In vivo polyadelynation analysis

mammals

• AAUAAA in mammals 
Located ~20-30 bp from the 
polyA site
– Other hexamers less 

efficient but are used

• Mutagenesis and in vivo 
expression studies reveal 
also the importance of the 
GU-rich  downstream of 
AAUAAA sequence.



3’-end formation in mammalian cells

AAUAAA GU rich

Cleavage and 
polyadenylation site

AAUAAA OH P5’

5’

3’

3’

A200-2505’
degradation

GU rich

15-20 nt

AAUAAA

CA



HeLa or Yeast 
Nuclear Extract

CYC1 PAS

Ref2 IP and 

SDS-PAGE/Mass s
pec

In vitro processing and

 denaturing gel 



Cis elements around the PAS in simpler species differ from those in 
mammals: 

• downstream GU-rich elements are not present in nematode PASs. 

• AAUAAA is prominent in Schizosaccharomyces pombe, while a general A-
rich sequence is present in the same region in Saccharomyces cerevisiae. 
Yeast PASs do not have downstream GU-rich elements. However, UAUA 
elements are highly enriched in the upstream region. 

• a typical plant PAS is more similar to that of yeast than of metazoan, with 
a loosely defined upstream AAUAAA element flanked by U-rich 
sequences. 

PAS sequences are not conserved in evolution



Recognition of polyadenylation sites in yeast pre-mRNAs by 
cleavage and polyadenylation factor

In contrast to higher eukaryotes, Saccharomyces cerevisiae uses degenerate and 
complex signals to direct the reaction. Site‐specific cleavage requires cleavage and 
polyadenylation factor IA (CF IA), cleavage and polyadenylation factor IB (CF IB) and 
cleavage factor II (CF II). Specific polyadenylation occurs when CF IA, CF IB, 
poly(A)‐binding protein (Pab1p) and polyadenylation factor I (PF I) are present. A factor 
harbouring PF I and CF II activities (designated cleavage and polyadenylation factor, CPF) 
was isolated from yeast extracts by affinity purification



The polyadenylation machinery in metazoans is composed of ~20 core
proteins, including four protein complexes and several single proteins:

• cleavage and polyadenylation specificity factor (CPSF), which contains
CPSF160 (also known as CPSF1), CPSF100 (also known as CPSF2), CPSF73
(also known as CPSF3), CPSF30 (also known as CPSF4), FIP1 (factor
interacting with PAP) and WDR33

• cleavage stimulation factor (CSTF), which contains CSTF 77, CSTF50 (also
known as CSTF1) and CSTF64

• cleavage factor I (mCFI), which contains CFI25 and either CFI68 or CFI59;

• cleavage factor II (mCFII), which contains PCF11 and CLP1

• Single proteins include symplexin, poly(A) polymerase (PAP),
retinoblastoma-binding protein 6 (RBBP6).

The polyadenylation machinery in metazoans



Specific complexes are involved in mRNA 3’end-
processing

CPSF-73 is the 
endonuclease



Despite considerable divergence between yeast and mammals in the core RNA sequences that
constitute the PAS, nearly all mammalian polyadenylation factors have homologues in yeast,
with the exception of the CFI proteins and CSTF50. Moreover, the yeast polyadenylation factor
Hrp1p, which interacts with UA-rich elements, is missing from metazoans. Human PAP is not
constitutively associated with the mPSF complex, but interestingly, Pap1 is a stable subunit in
yeast.
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Table 1 Canonical pre-mRNA 3′-end-processing factors in humans and budding yeast, their functions, and the multi-
subunit protein complexes to which they belong. Alternative names are in brackets

Human complex Human protein Function Yeast protein Yeast complex
CPSF mPSF CPSF160 (CPSF1) Scaffold Cft1 Poly(A)

polymerase
module

Core CPF CPF
WDR33 Scaffold, RNA binding Pfs2
CPSF30 (CPSF4) RNA binding Yth1
hFip1 PAP/Pap1 recruitment Fip1

N/A PAP Poly(A) polymerase Pap1
RBBP6 Endonuclease activation Mpe1 Nuclease module

mCF CPSF100 (CPSF2) Pseudonuclease Cft2
CPSF73 (CPSF3) Endonuclease Ysh1
Symplekin Scaffold Pta1 Phosphatase

module
APT

N/A N/A SSU72 Protein phosphatase Ssu72
Phosphatase
complex

WDR82 Transcription
termination

Swd2

PP1 Protein phosphatase Glc7
PNUTS Scaffold, PP1/Glc7

activator
Ref2

N/A Scaffold Pti1
Tox4 DNA binding N/A N/A N/A

N/A N/A Ysh1 antagonizing Syc1
CStF CStF50 (CSTF1) Complex stabilizing N/A N/A

CStF64 (CSTF2) RNA binding Rna15 CF IA
CStF77 (CSTF3) CPSF160/Cft1 binding Rna14

CFIIm Pcf11 Pol II CTD binding Pcf11
Clp1 Polynucleotide kinase Clp1
N/A Cleavage !delity Hrp1 CF IB

CFIm CFIm25 (CPSF5) RNA binding N/A N/A
CFIm68 (CPSF6) hFip1 binding N/A
CFIm59 (CPSF7) hFip1 binding N/A

N/A PABPN1 Poly(A) tail binding N/A
N/A Poly(A) tail binding Pab1
ZC3H14 Poly(A) tail binding Nab2

Abbreviations: APT, associated with Pta1; CF, cleavage factor; CPF, cleavage and polyadenylation factor; CPSF, cleavage and polyadenylation speci!city
factor; CStF, cleavage stimulatory factor; CTD,C-terminal domain; mCF,mammalian cleavage factor; mPSF,mammalian polyadenylation speci!city factor;
N/A, not applicable; Pol II, RNA polymerase II; poly(A), polyadenosine; pre-mRNA, precursor messenger RNA.

mPSF contains four protein subunits: CPSF160, WDR33, hFip1, and CPSF30 (Cft1, Pfs2,
Fip1, and Yth1 in the yeast polymerase module). Human PAP is not constitutively associated
with the mPSF complex, but interestingly, Pap1 is a stable subunit in yeast. Structural analyses of
both the human and yeast complexes have revealed details of their highly conserved architecture.
CPSF160/Cft1 contains three β-propeller domains which are arranged in a trefoil con!gura-
tion, with two of these domains forming a binding cavity for an N-terminal helical domain of
WDR33/Pfs2 (Figure 2a,b). WDR33/Pfs2 also contains a β-propeller downstream of its he-
lical domain. CPSF30/Yth1 interacts with the complex by contacting both CPSF160/Cft1 and
WDR33/Pfs2 with two of its !ve zinc !ngers (ZnFs).

The overall structures of mPSF and the polymerase module share a similar architecture but
little sequence homology to the DNA damage–binding protein (DDB)1–DDB2 complex, which

www.annualreviews.org • mRNA 3′-End Processing in Eukaryotes 203
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Table 1 Canonical pre-mRNA 3′-end-processing factors in humans and budding yeast, their functions, and the multi-
subunit protein complexes to which they belong. Alternative names are in brackets

Human complex Human protein Function Yeast protein Yeast complex
CPSF mPSF CPSF160 (CPSF1) Scaffold Cft1 Poly(A)

polymerase
module

Core CPF CPF
WDR33 Scaffold, RNA binding Pfs2
CPSF30 (CPSF4) RNA binding Yth1
hFip1 PAP/Pap1 recruitment Fip1

N/A PAP Poly(A) polymerase Pap1
RBBP6 Endonuclease activation Mpe1 Nuclease module

mCF CPSF100 (CPSF2) Pseudonuclease Cft2
CPSF73 (CPSF3) Endonuclease Ysh1
Symplekin Scaffold Pta1 Phosphatase

module
APT

N/A N/A SSU72 Protein phosphatase Ssu72
Phosphatase
complex

WDR82 Transcription
termination

Swd2

PP1 Protein phosphatase Glc7
PNUTS Scaffold, PP1/Glc7

activator
Ref2

N/A Scaffold Pti1
Tox4 DNA binding N/A N/A N/A

N/A N/A Ysh1 antagonizing Syc1
CStF CStF50 (CSTF1) Complex stabilizing N/A N/A

CStF64 (CSTF2) RNA binding Rna15 CF IA
CStF77 (CSTF3) CPSF160/Cft1 binding Rna14

CFIIm Pcf11 Pol II CTD binding Pcf11
Clp1 Polynucleotide kinase Clp1
N/A Cleavage !delity Hrp1 CF IB

CFIm CFIm25 (CPSF5) RNA binding N/A N/A
CFIm68 (CPSF6) hFip1 binding N/A
CFIm59 (CPSF7) hFip1 binding N/A

N/A PABPN1 Poly(A) tail binding N/A
N/A Poly(A) tail binding Pab1
ZC3H14 Poly(A) tail binding Nab2

Abbreviations: APT, associated with Pta1; CF, cleavage factor; CPF, cleavage and polyadenylation factor; CPSF, cleavage and polyadenylation speci!city
factor; CStF, cleavage stimulatory factor; CTD,C-terminal domain; mCF,mammalian cleavage factor; mPSF,mammalian polyadenylation speci!city factor;
N/A, not applicable; Pol II, RNA polymerase II; poly(A), polyadenosine; pre-mRNA, precursor messenger RNA.

mPSF contains four protein subunits: CPSF160, WDR33, hFip1, and CPSF30 (Cft1, Pfs2,
Fip1, and Yth1 in the yeast polymerase module). Human PAP is not constitutively associated
with the mPSF complex, but interestingly, Pap1 is a stable subunit in yeast. Structural analyses of
both the human and yeast complexes have revealed details of their highly conserved architecture.
CPSF160/Cft1 contains three β-propeller domains which are arranged in a trefoil con!gura-
tion, with two of these domains forming a binding cavity for an N-terminal helical domain of
WDR33/Pfs2 (Figure 2a,b). WDR33/Pfs2 also contains a β-propeller downstream of its he-
lical domain. CPSF30/Yth1 interacts with the complex by contacting both CPSF160/Cft1 and
WDR33/Pfs2 with two of its !ve zinc !ngers (ZnFs).

The overall structures of mPSF and the polymerase module share a similar architecture but
little sequence homology to the DNA damage–binding protein (DDB)1–DDB2 complex, which

www.annualreviews.org • mRNA 3′-End Processing in Eukaryotes 203

Factors important for RNA binding and complex interaction for integration of 
3’end processing with other maturation processes
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subunit protein complexes to which they belong. Alternative names are in brackets
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CFIIm Pcf11 Pol II CTD binding Pcf11
Clp1 Polynucleotide kinase Clp1
N/A Cleavage !delity Hrp1 CF IB

CFIm CFIm25 (CPSF5) RNA binding N/A N/A
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CFIm59 (CPSF7) hFip1 binding N/A

N/A PABPN1 Poly(A) tail binding N/A
N/A Poly(A) tail binding Pab1
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Abbreviations: APT, associated with Pta1; CF, cleavage factor; CPF, cleavage and polyadenylation factor; CPSF, cleavage and polyadenylation speci!city
factor; CStF, cleavage stimulatory factor; CTD,C-terminal domain; mCF,mammalian cleavage factor; mPSF,mammalian polyadenylation speci!city factor;
N/A, not applicable; Pol II, RNA polymerase II; poly(A), polyadenosine; pre-mRNA, precursor messenger RNA.

mPSF contains four protein subunits: CPSF160, WDR33, hFip1, and CPSF30 (Cft1, Pfs2,
Fip1, and Yth1 in the yeast polymerase module). Human PAP is not constitutively associated
with the mPSF complex, but interestingly, Pap1 is a stable subunit in yeast. Structural analyses of
both the human and yeast complexes have revealed details of their highly conserved architecture.
CPSF160/Cft1 contains three β-propeller domains which are arranged in a trefoil con!gura-
tion, with two of these domains forming a binding cavity for an N-terminal helical domain of
WDR33/Pfs2 (Figure 2a,b). WDR33/Pfs2 also contains a β-propeller downstream of its he-
lical domain. CPSF30/Yth1 interacts with the complex by contacting both CPSF160/Cft1 and
WDR33/Pfs2 with two of its !ve zinc !ngers (ZnFs).

The overall structures of mPSF and the polymerase module share a similar architecture but
little sequence homology to the DNA damage–binding protein (DDB)1–DDB2 complex, which
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Factors important for RNA binding and complex interaction for integration of 
3’end processing with other maturation processes

Pcf11 physically bridges CStF/Rna14–Rna15 and Clp1 and also 
interacts with the CTD of Pol II, likely helping to coordinate 3′-end 
processing with transcription

Human RBBP6 is not required for activation of cleavage but may 
interact with transcription factors and splicing regulators



3’-end formation: RNA Processing

Cleavage and 
Polyadenylation 
Specific Factor

Cleavage 
Stimulation 
Factor

Cleavage Factors



21

hFip1/Fip1 subunit recruits PAP



22CPSF73/Ysh1adopts an inactive closed conformation and has only weak and nonspecific nuclease 
activity. CF IA/CStF and CFIIm are required to activate the 3′-end-processing endonuclease

CFIIm
CStF

CPSF73/Ysh1



23

degradation

Polyadenylation of cleaved pre-
mRNAs is catalyzed by 
PAP/Pap1 using a polymerization 
mechanism dependent on two 
catalytic magnesium ions

likely because of its low affinity
for RNA
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PABPN1/Nab2



25



CAP and polyA tail promote mRNA translation



3’-end formation occurs during transcritpion

• TFIID associates with CPSF in the preinitiation complex (PIC)

• After transcription initiation CPSF dissociates from the PIC and associates
with the CTD of elongating RNA Pol II together with CstF



capping, splicing and polyadenylation processes are tightly 
coupled with to transcription

Kinases/phosphatases

Kinases/phosphatasesphosphatases

Kinases



• Lacks introns: No splicing

• Lacks a polyA tail: cleavage not followed by polyadenylation

• Export to the cytoplasm is independent of the polyA tail

• Degradation occurs via uridylation

• Regulation of expression is dependent on the cell cycle

Characteristics of Histone Messenger RNA



pre-mRNA
degli Istoni

U7 snRNA

HDE

Stem loop

HDE: histone downstream elements

La maturazione dell’mRNA degli istoni richiede elementi 
in cis e fattori in trans tra i quali l’snRNA U7

The maturation of histone mRNA requires cis elements and 
trans factors, including U7 snRNA

Histone 
pre-mRNA



Histone mRNA processing is polyadenylation 
independent 

The HDE duplex is∼15 nucleotides long, which, along with the recognition of the stem loop
structure by SLBP, ensures highly specific recognition of histone pre-mRNAs.
The U7 snRNP and stem–loop binding protein (SLBP), and the cleavage complex are responsible
for the cleavage of the pre-mRNA from the DNA template, forming the mature histone mRNA

mCF (73, 100 and symplekin)
+CstF64/77

Histone cleavage complex (HCC) 
mCF (73, 100 and symplekin)

The histone pre-mRNA 3′-end-processing complex contains a seven subunit Sm ring bound to U7 
snRNA; subunits Lsm10, Lsm11, ZFP100, and SLBP; the HCCsubcomplex that is composed of the 
same subunits as mCF, including endonuclease CPSF73



Histone mRNAs: 
life without a 
poly(A) tail

SLBP remains bound to the histone mRNA as it goes to the cytoplasm, where histone mRNA is circularized
through a complex of proteins mediating translation of histone mRNA. At the end of S phase, a short U tail is
added to histone mRNA in the cytoplasm. The LSM1–7 ring binds the oligo(U) to cooperate in the recruitment of
the decapping complex and the exosome to degrade the mRNA. In addition, cyclin A (CycA)–CDK1 (cyclin-
dependent kinase 1) phosphorylates SLBP to trigger its degradation at the end of S phase, preventing further
histone mRNA synthesis.



Processamento e traduzione degli mRNA
Poly(A)+mRNAs Histone mRNAs

CPSF-73 
endonucleasi

CPSF-73 
endonucleasiTaglio

Poliadenilazione Taglio

Circolarizzazione
mediata da CAP 
e PABP

Circolarizzazione
SLBP

Processing and translation of mRNAs

CPSF-73
endonuclease CPSF-73

endonuclease
Cleavage

Cleavage
Polyadenylation

CAP-PABP 
mediated 
Circularization 

SLBP mediated 
Circularization 



D
ow

nl
oa

de
d 

fro
m

 w
w

w
.a

nn
ua

lre
vi

ew
s.

or
g.

  G
ue

st
 (g

ue
st

) I
P:

  3
1.

19
1.

12
1.

41
 O

n:
 W

ed
, 2

6 
N

ov
 2

02
5 

20
:0

4:
20

(AAA)n

(AAA)n

(AAAAA)n

XRN2/Rat1

(AAA)n

TSS

TSS PAS

Core processing factors
Sequence-specific RBPs
Proliferating cells

Core processing factors
Sequence-specific RBPs

Differentiated cells

Proximal PAS Distal PAS

Extended coding sequence
Changes in protein and mRNA localization
Changes in translation efficiency
Changes in mRNA stability

a

b

c

Complete splicing Inefficient splicing

3' cleavage at PAS No 3' cleavage at PAS

Timely transcription termination Read-through transcription

Pre-mRNA CTD
CTD

CTD

5'
5'

3'

5'
Pol II

Pol II

Pol II

CPSF/CPF
+

accessory
factors

Chromatin
Spt 4/5

Allosteric model Torpedo model

Figure 4
Eukaryotic pre-mRNA 3′-end processing is tightly regulated and coordinated with splicing and transcription termination.
(a) Schematic representation of APA showing the factors that in!uence the choice of cleavage site. (b) Schematic representation of
transcription termination. Red arrows depict phosphatase activity of CPSF/CPF acting on the CTD of Pol II and on transcription
elongation factor SPT5. (c) Schematic representation of coupling between splicing, 3′-end processing, and transcription termination.
Panel b adapted from Reference 93. Abbreviations: APA, alternative polyadenylation; CPF, cleavage and polyadenylation factor; CPSF,
cleavage and polyadenylation speci"city factor; CTD, C-terminal domain; PAS, polyadenylation signal; Pol II, RNA polymerase II;
RBP, RNA-binding protein; TSS, transcription start site.

3. REGULATION OF 3′-END PROCESSING
Approximately 70%of protein-coding genes in both budding yeast andmetazoans produce several
mRNA isoforms that differ in the sequence of their 3′ ends (91). Although this has been tradition-
ally termed APA, the speci"c selection of alternative cleavage sites by the CPSF/CPF complex is
at the heart of generating alternative 3′ ends of the samemRNA (Figure 4a). APA has a regulatory
capacity to tune when, where, how much, and which protein is translated from each mRNA and
is therefore highly regulated based on cell type, developmental stage, and cellular conditions (2).

APA can change the identity of the protein product if cleavage occurs before the stop codon.
This can, for example, produce either a protein lacking its C-terminal regions, often affecting its
function, or a truncated, nonfunctional polypeptide. In contrast, APA after the stop codon does
not alter the amino acid sequence of the translated polypeptide but instead changes the length and

212 Boreikaitė • Passmore

Eukaryotic pre-mRNA 3′-end processing is tightly regulated and coordinated 
with splicing and transcription termination.



RNA Pol II alternative 3′-end formation.

Termination at gene 3’-ends is also subject to intense regulation. Many mRNAs
possess variable lengths of 3’-untranslated sequence defined by the selective usage of
different PASs. Because mRNA 3′UTRs define mRNA cytoplasmic functions, the use
of alternative poly(A) sites (APA) can constitute a key regulatory process in gene
expression.

Polymerase speed and in trans elements can affect APA choice
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Approximately 70%of protein-coding genes in both budding yeast andmetazoans produce several
mRNA isoforms that differ in the sequence of their 3′ ends (91). Although this has been tradition-
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(a) Schematic representation of APA showing the factors that in!uence the choice of cleavage site. (b) Schematic representation of
transcription termination. Red arrows depict phosphatase activity of CPSF/CPF acting on the CTD of Pol II and on transcription
elongation factor SPT5. (c) Schematic representation of coupling between splicing, 3′-end processing, and transcription termination.
Panel b adapted from Reference 93. Abbreviations: APA, alternative polyadenylation; CPF, cleavage and polyadenylation factor; CPSF,
cleavage and polyadenylation speci"city factor; CTD, C-terminal domain; PAS, polyadenylation signal; Pol II, RNA polymerase II;
RBP, RNA-binding protein; TSS, transcription start site.

3. REGULATION OF 3′-END PROCESSING
Approximately 70%of protein-coding genes in both budding yeast andmetazoans produce several
mRNA isoforms that differ in the sequence of their 3′ ends (91). Although this has been tradition-
ally termed APA, the speci"c selection of alternative cleavage sites by the CPSF/CPF complex is
at the heart of generating alternative 3′ ends of the samemRNA (Figure 4a). APA has a regulatory
capacity to tune when, where, how much, and which protein is translated from each mRNA and
is therefore highly regulated based on cell type, developmental stage, and cellular conditions (2).

APA can change the identity of the protein product if cleavage occurs before the stop codon.
This can, for example, produce either a protein lacking its C-terminal regions, often affecting its
function, or a truncated, nonfunctional polypeptide. In contrast, APA after the stop codon does
not alter the amino acid sequence of the translated polypeptide but instead changes the length and
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We discuss how gene- specific 3′ UTR isoform 
changes are accomplished, including cell- type- specific 
abundance of regulatory factors and enzymes that 
post- translationally modify factors that control tran-
scription elongation, transcription termination and 
CPA. Gene- specific sequence elements in promoters  
and enhancers also affect 3′ UTR isoform choice14,36–38. 
These layers of regulation allow cells to integrate environ-
mental signals and respond with appropriate changes in 
gene and 3′ UTR isoform expression.

One of the surprising findings in the past 10 years 
was the observation that gene expression and APA are 
largely independent, as genes that change their 3′ UTR 
isoforms often do not considerably change their overall 
expression level3,5,27,39–41. Moreover, genetic variants asso-
ciated with gene expression changes rarely overlap with 
genetic variants that affect APA42–44. These data indicate 
that single- UTR genes, which contain one functional 
PAS at their 3′ ends, and multi- UTR genes, which have 
at least two functional PASs, differ substantially in their 
mode of regulation. We discuss the implications of such 
independent regulation and highlight the functions of 
alternative 3′ UTRs beyond the regulation of mRNA 
abundance35,45–49.

We feature new transformative tools that were 
developed through recent advances in single- cell RNA 

sequencing (scRNA- seq) and CRISPR–Cas techno-
logies. These methods allow the reliable quantification 
of 3′ UTR isoforms in any cell type from publicly avail-
able datasets5,50–52, and facilitate manipulation of indi-
vidual 3′ UTRs at endogenous gene loci to study their 
regulatory logic and function53–55. Together with small 
molecules that modulate PAS cleavage activity to control 
mRNA and protein expression, the insights gained by 
these novel tools will enable the development of RNA 
therapeutics that take advantage of isoform- specific and 
compartment- specific targeting.

Two classes of APA
APA that occurs in the terminal exon generates tandem 
3′ UTR isoforms (short and long isoforms) and is often 
called ‘3′ UTR APA’. This class of APA does not change 
the protein coding sequence. By contrast, APA can also 
occur in introns — termed ‘intronic APA’ — thereby 
generating truncated proteins.

3′ UTR APA
Sequences downstream of the coding region of genes 
contain many cis- regulatory elements. 3′ UTR length, 
and thus the regulatory potential, is determined by PAS 
choice. Multi- UTR genes generate mRNA isoforms 
with short 3′ UTRs or long 3′ UTRs3 (FIG. 1a). Although 
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Fig. 1 | Cleavage and polyadenylation of mRNA isoforms at their 3′ ends. 
a | Alternative cleavage and polyadenylation (APA) generates mRNA isoforms 
that differ in their 3′ untranslated regions (UTRs). mRNA processing at intronic 
polyadenylation (IPA) sites generates mRNA isoforms (IPA isoforms) that 
encode proteins with alternative C- termini (light blue part of protein). mRNA 
processing at proximal or distal polyadenylation sites (PASs) in terminal exons 
generates mRNA isoforms with short 3′ UTRs (SU) or long 3′ UTRs (LU) that 
encode proteins with the same amino acid sequence. The grey boxes in the 
protein symbols represent protein domains. Introns are not drawn to scale.  
b | During transcription by RNA polymerase II (Pol II), the cleavage and 
poly adenylation (CPA) machinery binds the PAS hexamer motif AAUAAA  
and surrounding sequence elements in the nascent RNAs. Shown are CPA 
factors bound to the pre- mRNA (or nascent RNA) and to the C- terminal 
domain of Pol II while it is transcribing DNA. The different CPA protein 

complexes are colour- coded. Protein names or symbols (and gene symbols  
(in parentheses) when different) are given in the boxes. c | Sequence context 
of functional PASs. Endonucleolytic cleavage of the nascent RNA occurs ~20 
nucleotides downstream of a PAS hexamer that is located in a suitable 
sequence context containing the UGUA and (G+U)- rich or U- rich sequence 
upstream and downstream, respectively. The colours of the RNA elements 
correspond to the colours of the complexes in part b that interact with them. 
CFI, cleavage factor I; CFII, cleavage factor II; CLP1, cleavage factor 
polyribonucleotide kinase subunit 1; CPSF1, CPA specificity factor subunit 1; 
CSTF, cleavage stimulation factor; FIP1, factor interacting with PAPOLA and 
CPSF1; nt, nucleotides; PAF1, RNA polymerase II- associated factor 1; PABPN1, 
poly(A)- binding protein 2; PAP, poly(A) polymerase; RBBP6, RB- binding 
protein 6; SCAF4, serine and arginine- related C- terminal domain- associated 
factor 4; TSS, transcription start site; WDR33, WD repeat domain 33.

www.nature.com/nrm

REV IEWS

780 | DECEMBER 2022 | VOLUME 23 

Alternative polyadenylation 



• 70–80% of mammalian genes have been reported to display alternative 
cleavage and polyadenylation site (APA) ,

• alternative pAs in the 3’-most exon  (A) typically leads to variable 3’ 
UTRs, whereas pAs in upstream introns and exons (B) cause both coding 
sequence (CDS) and 3’ UTR changes, 

• APA is dynamic under different biological conditions (cell growth and 
development, cancer)

Alternative polyadenylation 



Most alternative polyadenylation (APA) sites are located in 3′ UTRs. As 3′
UTRs contain cis elements that are involved in various aspects of mRNA
metabolism, 3′ UTR-APA can considerably affect post-transcriptional gene
regulation in various ways, including through the modulation of mRNA
stability, translation, nuclear export and cellular localization, and even
through effects on the localization of the encoded protein.

Alternative polyadenylation 

In patients with systemic lupus erythematosus
(SLE), a single nucleotide polymorphism
reducing the use of the proximal PAS leads to the
production of long isoforms at the expense of
short isoforms. The long 3’UTR contains a
destabilization sequence (ARE) which results in
reduced IFN-regulatory factor 5 (IRF5) levels.



Alternative polyadenylation 

SU: short UTR
LU: long UTR
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Regulation of Alternative cleavage and 
polyadenylation 

1. U1 can exert a negative role in pA usage

2. RNA binding proteins may inhibits pA usage by occluding the binding of core 
C/P factors, and some enhance pA usage by recruiting core factors. 

3. Transcription activity impact pA choice by :

• cis elements that cause pausing of RNA polymerase (RNAP) II, such as G-
rich elements, facilitate pA usage,

• factor recruitment at the promoter can influence downstream pA usage. 
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on the antisense strand, thus enforcing promoter directionality (described in Almada et al. 2)(3 [4,]). In the sense strand, the presence of
U(-binding motifs at splice sites and along introns recruits U( snRNP and suppresses IPA, allowing full-length expression. Regulated IPA
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by partial functional knockdown using U(-binding ASOs (described in Vorlová et al. [(,]) or following changes in endogenous levels [5)],
leads to selective APA. PASs in stronger context (or suppressed by weaker U( sites) are activated .rst./ese likely include regulated IPA sites
and tandem APA sites, a situation that re0ects what may occur in proliferative/cancer cells, with the appearance of shorter average mRNAs
in part due to relative shortage of available U( snRNP. (c) Complete disruption of U( activity by sequestering ASOs leads to loss of splicing
and release of global IPA activation. Because of transcriptional directionality, earlier IPA sites get used .rst, resulting in massive shortening
of mRNAs (described in Kaida et al. [48]). (d) When ASOs targeted to a speci.c 5! ss are used, U( binding is disrupted in that particular
location but still functions normally elsewhere./e result is the selective activation of the targeted IPA site (highlighted), with expression of a
truncated variant (described in Vorlová et al. [(,]). Expression of other genes is not disrupted. U( snRNP is indicated, as well as U(-targeting
ASOs (red) and transcript-speci.c ASOs, (blue). Large blue and light blue boxes indicate exons and UTRs, respectively, while lines depict
introns. PAS are depicted as purple ovals, U( sites as red bars. Blue arrows indicate mRNA species generated in a speci.c context.
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Regulation of Alternative cleavage and 
polyadenylation 

1. U1 can exert a negative role in pA usage

2. RNA binding proteins may inhibit pA usage by occluding the binding of core 
C/P factors, and some enhance pA usage by recruiting core factors. 
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interactions100–103, RNA- binding proteins at active pro-
moters have the potential to be major regulators of APA. 
In the gene looping model, the transcription start site 
and the PAS physically interact through looping of the 
chromatin between them, thus allowing promoters to 
directly regulate 3′- end formation104–106. Gene loops 
between the promoter and either of the alternative PASs 
in CYC1 in yeast were detected; interestingly, changes in  
gene loop structure were observed upon alteration of 
growth conditions, which correlated with alternative 
PAS use106. Both models are supported by the findings 
we discuss later herein.

Alternative transcription start sites. Regulation of  
3′ UTR isoforms of individual genes by transcription 
factors can be explained by the existence of alterna-
tive transcription start sites composed of different 
cis- regulatory elements, which allow the binding of 
factors that determine 3′- end formation. Evidence for 
this hypothesis was found in fly neurons, where the 
presence of the RNA- binding protein Elav at gene pro-
moters was associated with the production of mRNA 
isoforms with long 3′ UTRs36. Accordingly, swapping 
of promoter sequences between genes changed 3′ UTR 
length (FIG. 4a). Combined evidence from RNA- seq 
and long- read sequencing further revealed significant  
co- occurrence between specific transcription start sites 

and specific alternative 3′ UTR isoforms in human 
cells, organoids and rat hippocampal neurons37,38. In  
C. elegans, promoters were found to determine different 
modes of transcription termination107.

Alternative enhancers. Enhancer- mediated recruitment 
of factors to promoters was recently suggested to regulate 
APA in human cells14. Although it is thought that trans-
criptional enhancers regulate transcript production, 
CRISPR–Cas- mediated deletion of a promoter- proximal 
enhancer did not change the production or stability of 
the PTEN mRNA, but instead it changed APA14. APA 
was regulated by the transcription factor NF- κB, which 
binds to the PTEN enhancer. Signalling- induced activa-
tion of NF- κB resulted in 3′ UTR shortening, whereas 
silencing of NF- κB impaired the signalling- induced APA 
change14 (FIG. 4b). Moreover, cell- type- specific enhancers 
were found to be significantly associated with 3′ UTR 
shortening during differentiation14.

The transcription factor BMAL1 controls expression of 
individual 3′ UTR isoforms. Circadian gene expression 
is regulated by transcriptional and translational nega-
tive feedback loops, initiated by the transcription factor 
CLOCK–BMAL1, which binds to promoters of genes 
expressed in a circadian manner108. As reported in a 
recent preprint, 3′- seq analyses performed in a period 
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Fig. 4 | Gene-specific regulation of alternative 3′ UTR isoforms. a | Differential binding of factors at alternative trans-
cription start sites can mediate gene- specific regulation of alternative polyadenylation site (PAS) use. In fly neurons, the 
RNA- binding protein embryonic lethal abnormal visual system (Elav) binds to specific promoters and transcription start 
sites (TSS) and thus controls the expression of mRNAs with longer 3′ untranslated regions (UTRs). b | Transcription  
factors that bind to specific enhancers regulate APA in a gene- specific manner. Signalling- induced activation of nuclear 
factor- κB (NF- κB) induces its binding to a specific enhancer of the phosphatase and tensin homologue gene (PTEN)  
in human cell lines. NF- κB activation does not change the production or stability of the PTEN mRNA, but induces a change in  
3′ UTR isoform expression. Deletion of the enhancer or silencing of NF- κB impairs this signalling- induced APA change.  
c | Signalling- induced phosphorylation of cleavage and polyadenylation specificity factor subunit 6 (Cpsf6) increases its 
activity and promotes autophagy. In flies, inactivation of the mTOR pathway allows expression of two kinases (not shown) 
that phosphorylate Cpsf6 in the cytoplasm, thereby promoting its translocation to the nucleus and RNA- binding activity. 
Cpsf6 changes the APA pattern of two master regulators of autophagy, the autophagy- related protein 1 gene (Atg1) and 
Atg8a. Increased expression of their long 3′ UTR (LU) isoforms supports high- level protein expression, thereby inducing 
autophagy upon mTOR inhibition to allow intracellular nutrient uptake. 3′- seq, 3′- end sequencing; SU, short 3′ UTR.
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subunit of CFI, increases its activity and promotes 
autophagy

In flies, inactivation of the mTOR pathway allows the P 
of Cpsf6 in the cytoplasm, thereby promoting its 
translocation to the nucleus and RNA-binding activity. 

Cpsf6 changes the APA pattern of two master 
regulators of autophagy, Atg1 and Atg8a. Increased 
expression of their long 3ʹ UTR (LU) isoforms supports 
high- level protein expression.
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interactions100–103, RNA- binding proteins at active pro-
moters have the potential to be major regulators of APA. 
In the gene looping model, the transcription start site 
and the PAS physically interact through looping of the 
chromatin between them, thus allowing promoters to 
directly regulate 3′- end formation104–106. Gene loops 
between the promoter and either of the alternative PASs 
in CYC1 in yeast were detected; interestingly, changes in  
gene loop structure were observed upon alteration of 
growth conditions, which correlated with alternative 
PAS use106. Both models are supported by the findings 
we discuss later herein.

Alternative transcription start sites. Regulation of  
3′ UTR isoforms of individual genes by transcription 
factors can be explained by the existence of alterna-
tive transcription start sites composed of different 
cis- regulatory elements, which allow the binding of 
factors that determine 3′- end formation. Evidence for 
this hypothesis was found in fly neurons, where the 
presence of the RNA- binding protein Elav at gene pro-
moters was associated with the production of mRNA 
isoforms with long 3′ UTRs36. Accordingly, swapping 
of promoter sequences between genes changed 3′ UTR 
length (FIG. 4a). Combined evidence from RNA- seq 
and long- read sequencing further revealed significant  
co- occurrence between specific transcription start sites 

and specific alternative 3′ UTR isoforms in human 
cells, organoids and rat hippocampal neurons37,38. In  
C. elegans, promoters were found to determine different 
modes of transcription termination107.

Alternative enhancers. Enhancer- mediated recruitment 
of factors to promoters was recently suggested to regulate 
APA in human cells14. Although it is thought that trans-
criptional enhancers regulate transcript production, 
CRISPR–Cas- mediated deletion of a promoter- proximal 
enhancer did not change the production or stability of 
the PTEN mRNA, but instead it changed APA14. APA 
was regulated by the transcription factor NF- κB, which 
binds to the PTEN enhancer. Signalling- induced activa-
tion of NF- κB resulted in 3′ UTR shortening, whereas 
silencing of NF- κB impaired the signalling- induced APA 
change14 (FIG. 4b). Moreover, cell- type- specific enhancers 
were found to be significantly associated with 3′ UTR 
shortening during differentiation14.

The transcription factor BMAL1 controls expression of 
individual 3′ UTR isoforms. Circadian gene expression 
is regulated by transcriptional and translational nega-
tive feedback loops, initiated by the transcription factor 
CLOCK–BMAL1, which binds to promoters of genes 
expressed in a circadian manner108. As reported in a 
recent preprint, 3′- seq analyses performed in a period 
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factor- κB (NF- κB) induces its binding to a specific enhancer of the phosphatase and tensin homologue gene (PTEN)  
in human cell lines. NF- κB activation does not change the production or stability of the PTEN mRNA, but induces a change in  
3′ UTR isoform expression. Deletion of the enhancer or silencing of NF- κB impairs this signalling- induced APA change.  
c | Signalling- induced phosphorylation of cleavage and polyadenylation specificity factor subunit 6 (Cpsf6) increases its 
activity and promotes autophagy. In flies, inactivation of the mTOR pathway allows expression of two kinases (not shown) 
that phosphorylate Cpsf6 in the cytoplasm, thereby promoting its translocation to the nucleus and RNA- binding activity. 
Cpsf6 changes the APA pattern of two master regulators of autophagy, the autophagy- related protein 1 gene (Atg1) and 
Atg8a. Increased expression of their long 3′ UTR (LU) isoforms supports high- level protein expression, thereby inducing 
autophagy upon mTOR inhibition to allow intracellular nutrient uptake. 3′- seq, 3′- end sequencing; SU, short 3′ UTR.
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of Cpsf6 in the cytoplasm, thereby promoting its 
translocation to the nucleus and RNA-binding activity. 

Cpsf6 changes the APA pattern of two master 
regulators of autophagy, Atg1 and Atg8a. Increased 
expression of their long 3ʹ UTR (LU) isoforms supports 
high- level protein expression.



In resting B cells, the amount of CstF64 is 
limiting, and the distal poly(A) site, which binds 
Cst64 more avidly, is preferentially used, 
resulting in production of the membrane-bound 
form of IgM (μm). In activated B cells, the 
concentration of CstF is elevated and no longer 
limiting, so the proximal, first transcribed poly(A) 
site is preferentially selected, leading to 
production of secreted-form IgM (μs).

During the transition of a B cell to a plasma 
cell, the IgM protein switches from a 
membrane-bound form to a secreted form.

This polymorphism may cause impaired 
recognition by the splicing machinery, 
resulting in APA using the intron 4 PAS

Two major isoforms, cyclin D1a and b, are 
created by alternative splicing/polyadenylation 
(CR-APA)
cyclin D1b mRNA is cleaved at an APA site within an 
intron. Cyclin D1b protein is constitutively nuclear, 
resulting in increased transforming capability. High 
expression of cyclin D1b is observed in several human 
cancers, including breast and prostate cancer. A G870A 
polymorphism at the end of exon 4 has been associated 
with production of the cyclin D1b isoform. This 
polymorphism may cause impaired recognition by the 
splicing machinery, resulting in APA using the intron 4 
poly(A) signal

more stable isoform



3. Transcription activity impact pA choice by :

• cis elements that cause pausing of RNA polymerase 
(RNAP) II, such as G-rich elements, facilitate pA usage,



• factor recruitment at the promoter can influence 
downstream pA usage. 
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interactions100–103, RNA- binding proteins at active pro-
moters have the potential to be major regulators of APA. 
In the gene looping model, the transcription start site 
and the PAS physically interact through looping of the 
chromatin between them, thus allowing promoters to 
directly regulate 3′- end formation104–106. Gene loops 
between the promoter and either of the alternative PASs 
in CYC1 in yeast were detected; interestingly, changes in  
gene loop structure were observed upon alteration of 
growth conditions, which correlated with alternative 
PAS use106. Both models are supported by the findings 
we discuss later herein.

Alternative transcription start sites. Regulation of  
3′ UTR isoforms of individual genes by transcription 
factors can be explained by the existence of alterna-
tive transcription start sites composed of different 
cis- regulatory elements, which allow the binding of 
factors that determine 3′- end formation. Evidence for 
this hypothesis was found in fly neurons, where the 
presence of the RNA- binding protein Elav at gene pro-
moters was associated with the production of mRNA 
isoforms with long 3′ UTRs36. Accordingly, swapping 
of promoter sequences between genes changed 3′ UTR 
length (FIG. 4a). Combined evidence from RNA- seq 
and long- read sequencing further revealed significant  
co- occurrence between specific transcription start sites 

and specific alternative 3′ UTR isoforms in human 
cells, organoids and rat hippocampal neurons37,38. In  
C. elegans, promoters were found to determine different 
modes of transcription termination107.

Alternative enhancers. Enhancer- mediated recruitment 
of factors to promoters was recently suggested to regulate 
APA in human cells14. Although it is thought that trans-
criptional enhancers regulate transcript production, 
CRISPR–Cas- mediated deletion of a promoter- proximal 
enhancer did not change the production or stability of 
the PTEN mRNA, but instead it changed APA14. APA 
was regulated by the transcription factor NF- κB, which 
binds to the PTEN enhancer. Signalling- induced activa-
tion of NF- κB resulted in 3′ UTR shortening, whereas 
silencing of NF- κB impaired the signalling- induced APA 
change14 (FIG. 4b). Moreover, cell- type- specific enhancers 
were found to be significantly associated with 3′ UTR 
shortening during differentiation14.

The transcription factor BMAL1 controls expression of 
individual 3′ UTR isoforms. Circadian gene expression 
is regulated by transcriptional and translational nega-
tive feedback loops, initiated by the transcription factor 
CLOCK–BMAL1, which binds to promoters of genes 
expressed in a circadian manner108. As reported in a 
recent preprint, 3′- seq analyses performed in a period 
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activity and promotes autophagy. In flies, inactivation of the mTOR pathway allows expression of two kinases (not shown) 
that phosphorylate Cpsf6 in the cytoplasm, thereby promoting its translocation to the nucleus and RNA- binding activity. 
Cpsf6 changes the APA pattern of two master regulators of autophagy, the autophagy- related protein 1 gene (Atg1) and 
Atg8a. Increased expression of their long 3′ UTR (LU) isoforms supports high- level protein expression, thereby inducing 
autophagy upon mTOR inhibition to allow intracellular nutrient uptake. 3′- seq, 3′- end sequencing; SU, short 3′ UTR.
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Mutations in poly(A) cis-elements that cause or 
contribute to human diseases



Biological processes that have been linked with broad 
APA modulation 



Manipulation of alternative 3ʹ UTR expression.


