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ABSTRACT
Alternative processing of nascent mRNAs is widespread in eukaryotic organisms and greatly impacts the 
output of gene expression. Specifically, alternative cleavage and polyadenylation (APA) is a co- 
transcriptional molecular process that switches the polyadenylation site (PAS) at which a nascent 
mRNA is cleaved, resulting in mRNA isoforms with different 3’UTR length and content. APA can 
potentially affect mRNA translation efficiency, localization, stability, and mRNA seeded protein–protein 
interactions. APA naturally occurs during development and cellular differentiation, with around 70% of 
human genes displaying APA in particular tissues and cell types. For example, neurons tend to express 
mRNAs with long 3’UTRs due to preferential processing at PASs more distal than other PASs used in 
other cell types. In addition, changes in APA mark a variety of pathological states, including many types 
of cancer, in which mRNAs are preferentially cleaved at more proximal PASs, causing expression of 
mRNA isoforms with short 3’UTRs. Although APA has been widely reported, both the function of APA in 
development and the mechanisms that regulate the choice of 3’end cut sites in normal and pathogenic 
conditions are still poorly understood. In this review, we summarize current understanding of how APA 
is regulated during development and cellular differentiation and how the resulting change in 3’UTR 
content affects multiple aspects of gene expression. With APA being a widespread phenomenon, the 
advent of cutting-edge scientific techniques and the pressing need for in-vivo studies, there has never 
been a better time to delve into the intricate mechanisms of alternative cleavage and polyadenylation.
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1. Introduction

Multicellular organisms are composed of several types of 
organs and tissues, established during embryonic develop
ment and in many cases maintained or repaired throughout 
life by adult stem cell lineages. The progeny of adult stem cells 
undergoes tightly orchestrated cellular proliferation and then 
must differentiate to the proper cell types to regenerate tissues 
and/or replace cell types lost to normal turnover, injury, or 
infection. Failure to switch cell state from proliferation to the 
correct terminal differentiation programme(s) can lead to 
tissue dysmorphism, scarring, failure to replace lost cell 
types, and possibly cancer. To achieve proper embryonic 
development and maintain and repair tissues throughout 
life, cell fate decisions are profoundly regulated at multiple 
levels of gene expression. Co-transcriptional alternative pro
cessing of nascent transcripts, which produces different 
mRNA isoforms from the same genetic locus, may be espe
cially useful for programming rapid changes in the proteins 
expressed as cells transition from one state to the next without 
the need to re-initiate transcription. The two major co- 
transcriptional mechanisms that generate different mRNA 

isoforms are alternative splicing, which results in mRNA iso
forms with different exon combinations [1], and alternative 
cleavage and polyadenylation (APA), which produces mRNA 
isoforms with different 3’ends due to terminal cleavage of the 
nascent transcript at different sites [2]. Alternative processing 
of nascent mRNAs affects the expression of most human 
genes and has been linked with serious disease states and 
developmental disorders [3–6]. In this review, we focus on 
the role(s) and regulation of Alternative cleavage and poly
adenylation (APA) in switches in cell state during develop
ment and differentiation.

The final step of mRNA synthesis in eukaryotes is cleavage 
and polyadenylation, which involves enzymatic cleavage of 
the nascent transcript and the addition of a string of non- 
templated adenosines known as the PolyA tail. Important 
exceptions are histone mRNAs and some long non-coding 
RNAs, which are cleaved but not polyadenylated [7,8]. 
Cleavage and polyadenylation occur co-transcriptionally, 
through recognition of specific polyadenylation site (PAS) 
motifs in the transcript by the cleavage machinery (CM) [9]. 
The CM is composed of four major protein complexes: CPSF
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(cleavage and polyadenylation specificity factor), CstF (clea
vage stimulation factor), CFI (cleavage factor I), and CFII 
(cleavage factor II), all knit together by the scaffolding protein 
Symplekin, plus several other proteins, including nuclear 
PolyA Polymerase and PolyA binding protein (Figure 1 A). 

The CPSF complex recognizes PAS motif (the canonical and 
most common PAS is ‘AAUAAA’) and cleaves the nascent 
RNA 15–30 nucleotides downstream through action of the 
endonuclease CPSF73. CstF is thought to enhance the activity 
of CPSF, and CFI modulates cleavage by recognizing specific

Figure 1. Diagram of 3’end cleavage machinery and outcomes of alternative polyadenylation. (A) scheme representing known cleavage machinery components, 
showing 4 major protein sub-complexes and additional non-complex proteins. Names of proteins as in Drosophila melanogaster. CSPF (in purple) recognizes the PAS 
and the endonuclease CPSF73 cleaves the nascent RNA molecule. CstF (in orange) is a heterodimer composed of 3 factors that recognizes downstream elements (DE) 
and enhances the activity of CPSF. CFI (in cyan) recognizes upstream elements (UE), while CFII (in green) is thought to bind G-rich regions and interact through the 
component PCF11 with the CTD of POLII. Other major components of the CM are the scaffolding protein Symplekin (Sym), the PolyA Polymerase (PolyA POL) and 
PABP2. (B) alternative polyadenylation (APA) can be divided into coding sequence changing APA (CDS APA) and 3’UTR APA depending on the location of the 
alternative PASs.

RNA BIOLOGY 909



upstream elements. CFII is the least characterized cleavage 
complex; it is thought to bind G-rich regions and interact 
with the C-terminal domain (CTD) of POLII via the compo
nent PCF11 [10,11].

Cleavage and polyadenylation can occur at different sites in 
a nascent RNA molecule, often signalled by different PAS 
sequences, resulting in alternate mRNA isoforms. PASs are 
divided into strong and weak based on the sequence of the 
PAS itself, as well as additional surrounding motifs that may 
augment or inhibit binding of CM components or enzymatic 
processing of the mRNA, once bound. Many genes have 
proximal PAS motifs that are weaker than their distal PAS 
motifs [12]. Intriguingly, recent observations indicate that 
processing of alternate PASs can occur sequentially, with 
a strong distal PAS better recognized by the CM processed 
first. The resulting long mRNA can then be retained in the 
nuclear matrix, possibly by CM components or other unde
termined factors, facilitating a second round of processing 
specified by a weaker proximal PAS, using the retained 
mRNA as an intermediate to produce a shorter isoform [13].

When a genetic locus has more than one PAS, develop
mentally regulated or pathologically induced differences in 
which PAS is chosen for the 3’end cut can change the relative 
expression levels of the alternate mRNA isoforms in different 
cell types. Depending on the genetic location alternate PASs 
occupy on a gene locus, APA can change the encoded protein 
and/or the 3’UTR (Figure 1 B). For example, the use of an 
alternative PAS in an intronic region upstream of the predo
minantly used translational stop codon has the potential to 
simultaneously change both the sequence of the encoded 
protein as well as the 3’UTR. Such coding region changes 
can affect cell identity or function due to the expression of 
alternative or truncated protein isoforms (For a detailed clas
sification of types of APA that could simultaneously change 
CDS and 3’UTR check this recent review [14]). On the other 
hand, if the alternatively used PAS sequences are located 
downstream of the translational stop codon, a switch in 
usage from one to the other can produce mRNA isoforms 
that encode the same protein but have different 3’UTRs 
(termed 3’APA) [15]. As 3’UTRs are hubs of cis-regulatory 
sequences that can regulate translation, stability, and localiza
tion of mRNAs by attracting trans-acting factors such as 
microRNAs (miRNAs) and RNA binding proteins (RBPs), 
developmentally regulated changes in 3’UTRs due to 3’APA 
can profoundly affect gene product expression by removing or 
adding functional sequences in the 3’UTR of specific mRNA 
isoforms. In addition, sequences in the 3’UTR of certain 
mRNAs have also been shown to alter co-translational folding 
of the nascent peptide, post-translational modifications of the 
encoded protein and protein complex assembly [16–19]. 
Developmentally regulated APA events, therefore, have the 
potential to profoundly affect both the menu of proteins 
expressed in specific cell types and the binding partners of 
nascent proteins.

Since its initial observation in 1980 [20,21], APA has been 
documented in a variety of organisms, tissues and biological 

phenomena and has been linked with severe disease states 
such as cancer, diabetes and muscular dystrophy [3]. 
Developmentally regulated use of alternative PAS sites to 
produce cell type specific mRNA isoforms is common during 
cell differentiation. For example, for a number of loci prefer
ential cleavage at more distal PAS sites produces mRNA iso
forms with longer 3’UTRs in mouse brains and Drosophila 
central nervous system (CNS) than in most other cell types 
[22,23]. Similarly, 3’UTR lengthening due to APA has been 
observed in human differentiating cardiomyocytes [24]. 
Conversely, at a number of loci in differentiating Drosophila 
spermatocytes or mammalian spermatids, cleavage and poly
adenylation occur at a more proximal PAS than in earlier 
male germ cell stages, resulting in mRNA isoforms with 
truncated 3’UTRs [25–27].

An increasing number of studies in cultured cell lines have 
investigated the impact of APA on aspects of protein synthesis 
and mRNA stability and identified factors that can influence 
PAS choice. However, studies performed in vivo remain 
scarce, resulting in incomplete understanding of the role and 
regulation of APA during healthy cell differentiation and 
development. In this review, we aim to present the most 
recent discoveries on how APA is regulated and how it sets 
up cell type-specific differential gene product expression, with 
a focus on cellular differentiation in vivo.

2. Regulation of APA

APA has distinct tissue-specific patterns [28,29] and can be 
regulated by different mechanisms. As detailed below, specific 
cases of APA have been shown to be influenced by: 1) RNA 
binding proteins (RBPs) and RNA modifications, 2) expres
sion levels and post-translational modifications of Cleavage 
Machinery (CM) components, 3) transcriptional dynamics, 
transcription factor (TF) activity, chromatin conformation, 
and DNA modifications (Figure 2).

RNA-binding proteins (RBPs) and RNA modifications

Nuclear RNA binding proteins (RBPs) can bind to specific 
motifs in nascent RNA molecules and positively or negatively 
direct cleavage by interacting with the transcription machin
ery or cleavage factors. One of the most famous examples is 
the Drosophila protein ELAV, which in the nervous system 
binds near proximal PASs of nascent transcripts and pro
motes POLII readthrough. This results in skipping of the 
proximal PAS in favour of processing at more distal PASs, 
leading to expression of mRNA isoforms with long 3’UTRs 
from target genes [33]. Intriguingly, recruitment of ELAV to 
the proximal PASs is mediated by POLII pausing, indicating 
that several modes of APA regulation (RBP recruitment and 
RNA Polymerase dynamics) could cooperate [34]. ELAV 
homologs have also been shown to induce expression of 
mRNA isoforms with long 3’UTRs due to alternative mRNA 
cleavage in mouse neocortex, where loss of function of the 
ELAV homolog HuD resulted in many mRNAs shifting to
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Figure 2. Various mechanisms to regulate APA. (A) RNA binding proteins like ELAV can bind to specific sequences in the proximity of PASs and compete with some 
of the components of the CM to inhibit cleavage at these specific sites. (B) a change in the expression level of some of the components of the CM can cause 
preferential processing of specific PASs. For example, down-regulation of CFII has been reported to promote the usage of distal PASs, while down-regulation of CFI 
can enhance cleavage at proximal PASs. (C) CM activity can be altered by post-translation modification of its core components. For example, ubiquitination of PCF11 
by MAGE-A11 or competitive binding of Sp1 can both induce inhibition of CFI activity causing a preferential processing of proximal PASs [30,31]. (D) differential 
transcription dynamics can induce a change in PAS processing. For instance, while a slowly elongating POLII can augment the recognition on non-canonical weak 
PAS sites by allowing the correct assembly of the CM, a faster elongating POLII might instead favor strong PASs. In addition, post-translational modification as 
phosphorylation can result in premature termination of POLII favoring proximal PASs. (E) DNA and RNA modification can alter PAS choice. For example, un- 
methylated DNA can induce formation of chromatin loops and induce cleavage at more proximal PASs. Figure partially adapted from [32].
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cleavage at more proximal sites [35]. Human CELF2, another 
member of the ELAV-like protein family, has been shown to 
compete with the CM components CFI and CstF for binding 
to weak PAS sites. Expression of CELF2 increases in human 
Jurkat T cells upon stimulation, resulting in APA changes. 
Interestingly, CELF2 regulates its own transcript APA by 
repressing the usage of a weak non-canonical PAS site on 
CELF2 3’UTR [36] (Figure 2 A). The Drosophila RNA binding 
protein Sex-Lethal (Sxl) may also in some cases inhibit clea
vage of nascent transcripts by competition with components 
of the CM. Sxl protein binds to multiple sites in the nascent 
mRNA of the e(r) gene in female early germ cells, including 
a GU-rich element close to the proximal PAS site. This ele
ment would also be recognized by the cleavage factor CstF64, 
binding of which would induce cleavage. However, SXL 
bound at the site competes with the CM causing skipping of 
the proximal PAS, inducing alternative processing at the distal 
site instead [37].

RNA modifications can also alter APA by directing PAS 
choice. In the developing mouse oocyte, depletion of the 
nuclear protein YTHDC1, which recognizes the RNA mod
ification N6-methyladenosine (m6A), affected alternative spli
cing of 1966 genes and alternative 3’UTR processing of 864 
genes, with a mild trend towards 3’UTR lengthening. 
YTHDC1 has also been found to interact with CM compo
nents [38,39]. Another RNA modification, pseudourydilation, 
can affect the choice of 3’end cut sites. Downregulation of 
pseudouridine synthases caused changes in alternative poly
adenylation as well as changes in alternative splicing in cul
tured human cells [40].

Expression levels and post-translational modifications of 
CM components

Changing expression levels of CM components can affect 
APA in a cell type and gene specific way, either by promoting 
usage of distal PAS sites or favouring usage of proximal PAS 
sites (extensively reviewed here [41]: and here [42]). For 
example, reduction of CFI components and PABP mRNA 
levels in mouse embryonic fibroblast and in mouse myoblasts 
resulted in increased usage of more proximal PASs and con
sequent 3’UTR shortening [43,44]. Consistent with this, in 
a human cancer-derived cell line, PABPN1 (PABP2 in 
Drosophila melanogaster) appeared to prevent cleavage at 
proximal and weak PAS sites by competing with the CPSF 
complex, preventing cleavage and therefore inducing 3’UTR 
lengthening [12]. On the other hand, reducing levels of 
mRNAs encoding components of CFII in both neuroblastoma 
and breast cancer cells or FIPIL1 (Fip1 in Drosophila melano
gaster) in mouse myoblasts caused preferential processing at 
more distal PAS sites, resulting in 3’UTR lengthening [44–46] 
(Figure 2 B).

Different CM components may regulate APA at different 
genes, depending on specific cis-regulatory sequences 
located near the alternate PAS sites. For example, CFI 
appears to increase the usage of a subset of PAS sites in 
human cells that contain the enhancer motif ‘UGUA’. CFI 
bound at these motifs is thought to interact with the CPSF 
component Fip1, promoting CPSF recruitment to these 

PASs and inducing cleavage [47]. Although it has been 
shown that changing individual CM expression levels can 
alter APA genome-wide, our understanding of the molecu
lar mechanisms by which each CM component affects APA 
remains unclear.

Cell type specific changes in the level or action of certain 
CM components may underlie developmentally regulated 
APA. During Drosophila CNS development, nascent tran
scripts from several loci are preferentially cleaved at their 
distal PAS sites, resulting in mRNA isoforms with longer 
3’UTRs. Expression of CM transcripts is generally low in 
Drosophila embryos except for the mRNAs encoding the two 
components of CFI (named in Drosophila CPSF5 and CPSF6), 
which are selectively highly expressed in the CNS. 
Downregulation by RNAi of CFI component mRNAs in the 
embryonic CNS changed the site used for 3’end cleavage for 
many genes, shifting to more distal PAS or more proximal 
PAS usage, depending on the gene [23]. The observed dual 
role of CFI (inducing proximal 3’end cleavage for some genes 
and distal for others) is puzzling and still needs to be fully 
understood. It might be due to gene-specific sequences (as the 
observed ‘UGUA’ element) that may attract CFI to specific 
sites in a gene dependent manner.

Similarly, changes in level or action of specific CM 
components during progression towards disease may influ
ence APA associated with pathology. 3’UTR shortening is 
in fact a common feature observed in many cancer types 
[48]. The level of mRNA encoding FIPIL1, a component of 
the CPSF complex, has been shown to be the most pre
dictive of 3’UTR shortening in RNAseq datasets derived 
from leukaemia patients. Indicating a functional relation
ship, knocking down levels of FIPIL1 RNA in leukaemia 
cells restored the APA profile to normal, suggesting FIPIL1 
(named in Drosophila Fip1) as a possible therapeutic target 
for leukaemia [49]. In prostate cancer, transcripts from 
some genes have been shown to be prematurely cleaved at 
intronic PAS sites upstream of the last protein coding exon, 
leading to the production of truncated, pro-oncogenic pro
tein isoforms. Recently, Caggiano et al. [50] showed that 
the treatment of prostate cancer cells with hormonal ther
apy to inhibit androgen receptor signalling suppressed the 
characteristic usage of premature intronic PAS sites, shift
ing 3’end cleavage back to the normal distal PAS sites. 
Interestingly, prostate cancer cells that had acquired resis
tance to the hormonal therapy showed higher levels of 
CPSF160. These results raise the possibility that increased 
levels of the CPSF component CPSF160 may enable clea
vage at the upstream, intronic PAS sites and suggest target
ing of CPSF160 as a possible therapeutic strategy worth 
exploring in future studies [50].

Nuclear Poly(A) polymerases (PAP) can also affect PAS 
choice. Mammalian cells have several distinct nuclear poly(A) 
polymerases, and PASs site usage appears to be selectively 
regulated by specific Poly(A) polymerases, depending on the 
motifs surrounding the PAS. For example, the PAS sites 
where processing was downregulated by knock-down of the 
non-canonical STAR-PAP generally had canonical 
‘AAUAAA’ PAS motifs with an upstream AUA motif ele
ment. On the other hand, PAS sites where processing was
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downregulated by knock-down of the canonical PAPα showed 
enrichment of ‘GCCA’ and G-rich motifs upstream of the 
PAS [51].

The activity of CM components can also be affected by 
post-translational modifications of the components them
selves, as well as by other protein factors that bind to the 
CM, potentially influencing APA. For example, PCF11, 
a component of CFII, can be ubiquitinated by the ubiquitin 
ligase MAGE-A11. This modification of a CFII component 
inhibits the activity of one of the two CFI components, 
CFIm25 (alternative name for the Drosophila CPSF5) [52]. 
In cancer cells, MAGE-A11 is upregulated, resulting in 
increased ubiquitination of PCF11 and a shift to preferential 
cleavage at proximal PASs [30], which is consistent with the 
widely reported 3’UTR shortening upon CFI down- 
regulation. CFI activity can also be inhibited by the transcrip
tion factor Sp1. High levels of Sp1 in breast cancer patients 
were recently shown to correlate with aberrant proximal PAS 
usage. Sp1 has been found to interact both with the two 
subunits of CFI and with nascent mRNA, suggesting that 
high levels of Sp1 could inhibit CFI function by competitively 
binding near proximal PASs of target mRNAs [31] (Figure 2 
C). In addition, many components of the CM have been 
found to be validated or putative substrates for 
SUMOylation, covalent linkage of a SUMO (small ubiquitin- 
like modifier) protein that can alter the function of the target 
protein. The endonuclease CPSF73 and the scaffolding pro
tein Symplekin are both SUMOylated, with SUMOylation of 
Symplekin shown to be necessary for Symplekin function, and 
inhibition of SUMOylation causes general inhibition of 3’end 
processing [53]. However, whether developmentally regulated 
changes in SUMOylation of CM components play a role in 
directing APA switches in healthy biological processes 
remains to be investigated.

Transcriptional dynamics, transcription factor (TF) 
activity, chromatin conformation, and DNA modifications

The dynamics of transcription initiation, elongation and ter
mination have also been reported to influence PAS choice 
[54]. In Drosophila, slower transcription elongation rates 
have been shown to correlate with the usage of proximal 
and weaker PAS sites, but only in the body and not in the 
head, suggesting that different cell types might have different 
modes of APA tissue-specific regulation [55] (Figure 2 D). 
The Drosophila gene polo offers a specific example indicating 
that transcription dynamics can impact PAS choice [56]. The 
polo gene has two PAS sequences in the region of its 3’UTR. 
In flies carrying a mutation in the gene encoding the core 
POLII subunit Rbp215 that leads to slower transcript elonga
tion rates, the ratio of processing at the proximal versus the 
distal PAS sites of polo is 3.5-fold higher than in wild-type 
flies.

Regulated readthrough into a downstream locus caused by 
programmed failure to terminate nascent transcripts at the 
normal PAS can have important roles in development. In the 
C. elegans nervous system, Casein Kinase 1δ (CK1δ) inhibits 

transcription termination via phosphorylation of SSUP-72, 
which results in Ser5 de-phosphorylation, inhibiting termina
tion and causing RNA Polymerase to read through from the 
unc-44 locus into the Ankyrin locus. RNA Polymerase read
through of the unc-44 PAS is necessary for production of the 
giant form (>10 Kb) of Ankyrin transcript, which is necessary 
for normal nervous system architecture. One of the possible 
models is that CK1δ blocks the phosphorylation of the poly
merase CTD, inhibiting binding of certain transcription ter
mination factors (such as the cleavage factor CFII), which in 
turn would provoke POLII readthrough [57] (Figure 2 D).

The recent advent of long-read RNA sequencing is allow
ing recovery of information on entire mRNA transcripts, 
avoiding the RNA fragmentation required for standard 
RNAseq. Anvar et al., 2018 exploited this ability to correlate 
transcription initiation site(s) and alternative pre-mRNA spli
cing with other aspects of co-transcriptional mRNA proces
sing, including PAS choice in a cancer cell line and in human 
tissues. In a recent study, Alfonso-Gonzales et al. used long- 
read RNA sequencing to compare mRNA isoforms expressed 
in Drosophila brains versus ovaries and discovered that spe
cific transcription start sites (TSS) could correlate with speci
fic PAS choices. Interestingly, they found that many genes 
that had both alternative TSS and alternative PAS usage also 
had CREB-binding protein (CBP) bound at both TSS and 
PAS, strengthening a model in which the CREB-binding pro
tein (CBP) binds specific promoters and creates a 5’-3’ loop, 
affecting PAS usage [58].

Certain transcription factors may also induce alternative poly
adenylation. During heart development in mouse, the transcrip
tion factor Nkx2–5 not only occupies transcription start sites of 
target genes but was also found localized to downstream regions of 
genes. Nkx2–5 recruits the exonuclease Xrn2 to these regions, 
whose function is to stop transcription. Knock-down of either 
Nkx2–5 or Xrn2 resulted in expression of mRNA isoforms with 
longer 3’UTRs, indicating that Nkx2–5 can either directly or 
indirectly influence APA [59].

DNA methylation, chromatin architecture and cis- 
regulatory DNA sequences can also play roles in regulating 
APA. Recent results from a human cancer cell line indicated 
that DNA methylation between two PASs can increase proces
sing at the distal PAS. It is thought that the assembly of 
a cohesin protein complexed with a methylation-sensitive insu
lator protein at a site between the two PAS sequences normally 
induces pausing of RNA polymerase II, leading to 3’end pro
cessing at the proximal PAS (Figure 2 E). Methylation of DNA 
in that region may prevent the assembly of the cohesin com
plex, allowing transcript extension to the distal site [32]. 
Chromatin conformation appears to have a role in PAS choice 
in plants as well. The rice gene OsASI1 is required for fertility 
and regulates the timing of flowering. Plants mutant for OsASI1 
show dysregulation of APA at more than 500 genes, switching 
either from distal PAS to proximal PAS or vice-versa (a higher 
percentage of genes switched to a more distal PAS). The 
OsASI1 protein can bind directly to the intronic heterochro
matin of the gene OsXRNL and promote production of full 
length OsXRNL transcripts. Interestingly, the class of genes
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where APA was most affected by OsASI1 knockout contained 
heterochromatic elements, suggesting a link between APA reg
ulation in rice with chromatin conformation [60].

Specific enhancers can also regulate which PAS of a target 
gene is utilized for 3’end processing, as in the case of the 
human PTEN gene. Processing of nascent PTEN transcripts at 
a proximal and weak PAS was impaired when the PTEN 
enhancer was deleted in breast cancer cells. Additionally, the 
enhancer-mediated effect on APA is promoter-dependent. In 
a reporter system, the PTEN and NUDT21 (alternative name 
for the Drosophila CPSF5) enhancers induced up-regulation 
of transcription if the promoter was derived from single 
3’UTR genes. However, the same enhancers acting on promo
ters derived from genes with multiple 3’UTRs induced only 
changes in cleavage and polyadenylation [61]. Currently, how 
mechanistically an enhancer could regulate APA still needs to 
be described.

3. APA regulates mRNA stability, localization, and 
translation

Alternative Polyadenylation (APA) can lead to the production 
of mRNA isoforms with different protein coding sequences 
and/or different 3’UTRs. APA that changes protein coding 
sequences can result in expression of variant, truncated, aber
rantly functional or non-functional proteins (Figure 3 A). On 
the other hand, APA that changes length and content of 
3’UTRs can deeply impact many aspects of mRNA metabo
lism including: 1) mRNA stability, 2) mRNA localization, 3) 
mRNA translation and 4) co-translational protein–protein 
interactions, depending on the 3’UTR sequence included/ 
excluded and the cell type context that determines the trans- 
acting regulators expressed (Figure 3 B).

mRNA stability

In multiple cancer cell lines, APA has been found to produce 
many transcripts with shorter 3’UTRs compared to corre
sponding healthy tissue samples. A study investigating the 
stability of mRNAs in lung, colon, breast, and sarcoma cell 
lines assessed by Northern blotting following transcriptional 
inhibition revealed differential stability of mRNA isoforms 
resulting from APA, with the short 3’UTR isoform being 
more stable than the long 3’UTR isoform for the three genes 
tested [62]. However, the genes were pre-selected based on the 
presence of miRNA binding sites in the long 3’UTR that were 
cut off in the short 3’UTR isoform. It remains an open ques
tion whether these findings hold true globally for the large 
number of genes that produce mRNAs with short isoforms in 
cancer cells due to APA.

In human neurons, the HuR locus produces 
a predominant mRNA isoform with a 4.9 kb 3’UTR due 
to APA, much longer than the ubiquitously-expressed HuR 
isoform, which has a 1.3 kb 3’UTR [63]. Following inhibi
tion of transcription in differentiated P19 neuronal cells, 
the half-life of the long 3’UTR HuR mRNA isoform was 
measured to be 4–5 hours while the short 3’UTR HuR 

isoform was much more stable, with a half-life of over 8  
hours. The trans-acting factors that mediate the more rapid 
turnover of the long 3’UTR isoform have yet to be identi
fied. Whether expression of the many other mRNAs with 
longer 3’UTRs in neurons due to APA also leads to 
a decrease in mRNA stability remains an open ques
tion [63].

mRNA localization

The production of mRNAs with different 3’UTRs due to APA 
can influence the subcellular localization of specific transcript 
isoforms, likely due to cis-regulatory elements present in the 
extended 3’UTRs. In mice, the Bdnf locus produces mRNA 
isoforms in neurons with either short or long 3’UTRs due to 
APA. An et al. [16] showed that the long Bdnf 3’UTR was 
sufficient to localize a GFP reporter mRNA to neuronal den
drites, while mRNA from a GFP reporter with the short Bdnf 
3’UTR remained in the cell body [16]. This suggests that 
isoforms produced by APA can differ in mRNA localization 
due to cis-regulatory elements present in extended 3’UTRs. In 
a more global study, Ciolli Mattioli et al. [64] differentiated 
excitatory neurons from mESCs and then fractionated the 
neurons to separate the cell body (soma) from cellular exten
sions (neurites, including both axons and dendrites). 
Strikingly, for 522 genes that produced multiple mRNA iso
forms in the neurons due to APA, the isoforms are localized 
differentially to soma vs. neurites (log2FC neurites/soma >1). 
For 90% of these genes, the shorter 3’UTR isoform was 
enriched in neurites [64]. The trans-acting factors that lead 
to the differential localization of specific mRNA isoforms 
remain to be identified.

mRNA translation

A change in the sequences present in 3’UTRs due to APA has 
the potential to profoundly affect the translation state of 
mRNA isoforms encoded by the same gene. Consistent with 
this, evidence for dramatic effects on cell state-specific protein 
expression has recently begun to appear. After T cell activa
tion, hundreds of transcripts undergo APA to produce mRNA 
isoforms with shorter 3’UTRs. For five candidate genes sub
ject to such activation-triggered APA, reporter plasmids 
encoding Luciferase fused to either the full length 3’UTRs or 
the short common 3’UTR regions were introduced into 
T cells. Luciferase assays revealed that the longer 3’UTR 
region led to decreased protein expression, suggesting 3’UTR 
shortening by APA as a mechanism to up regulate expression 
of certain proteins upon T cell activation [65]. One of the 
genes that undergoes 3’UTR shortening due to APA upon 
T cell activation encodes CD5, which regulates T cell receptor 
(TCR) signalling. Higher T cell activation resulted in 
increased levels of CD5 protein expressed in the cells. 
Shortening of the CD5 3’UTR upon T cell activation removed 
two miR-204/211 binding sites. Luciferase assays revealed that 
these were functionally important, acting to repress levels of 
protein expressed from mRNAs with the long 3’UTR.
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Luciferase constructs with the long 3’UTR showed lower 
protein expression than Luciferase constructs with the short
est 3’UTR, but mutation of the two miR-204/211 sites in the 
long 3’UTR led to higher protein expression [66]. It is notable, 
however, that global quantification of protein levels in acti
vated vs quiescent T cells by mass spectrometry indicated no 
overall correlation between abundance of particular proteins 
at the two stages and the ratio of long 3’UTR vs short 3’UTR 
isoforms expressed from the corresponding genes, assessed for 
cases where exactly two alternative PASs were utilized in the 
cells [67]. This lack of overall correlation may be because 

3’UTR extensions cleaved off by APA when T cells are acti
vated can contain either translation-enhancing or translation- 
repressing sequence elements, depending on the gene.

Developmentally regulated, stage-specific APA is a feature 
of male germ cell differentiation in animals from Drosophila 
to mammals. As proliferating spermatogonia transition to 
differentiating spermatocytes in Drosophila or as spermato
cytes become spermatids in mice widespread stage-specific 
APA results in expression of mRNA isoforms with shorter 
3’UTRs for a select set of genes [25,68,69]. Recently, polysome 
profiling followed by 3’RNA-Seq revealed that for over half of

Figure 3. APA can affect protein synthesis in multiple ways. CDS APA can result in the production of multiple mRNA isoforms that can differ in both terminal exon 
and 3’UTR length and content, causing the possible production of truncated and/or non-functional proteins. 3’UTR APA results in the production of mRNA isoforms 
with identical CDS but different 3’UTRs. A change in 3’UTR content can cause a switch in translation state, a change in localization of the mRNA molecule, as well as 
changes in protein–protein interactions.
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the ~500 genes subject to APA leading to 3’UTR shortening in 
Drosophila spermatocytes, the mRNA isoforms with short 
3’UTRs migrated differently with respect to polysomes than 
their counterpart isoforms with long 3’UTRs. For 200 genes 
the long 3’UTR mRNA isoform expressed in spermatogonia 
migrated with polysomes, while the short 3’UTR isoform 
expressed in early spermatocytes migrated with sub- 
ribosomal fractions. For another 50 genes, the long 3’UTR 
isoform expressed in spermatogonia migrated in sub- 
ribosomal fractions, while the short 3’UTR Isoform expressed 
in spermatocytes migrated with ribosomal or polysomal frac
tions. These results suggest dramatic changes in translation 
state. Consistent with this, immunofluorescence staining 
revealed abrupt switches in protein levels, from present in 
spermatogonia to not detected in spermatocytes or vice 
versa [25]. Thus, a developmentally regulated switch in the 
site chosen for making the 3’end cut that terminates particular 
mRNAs can lead to dramatic changes in the suite of proteins 
expressed at subsequent stages of cellular differentiation. This 
can be a switch from protein ON to OFF or protein OFF to 
ON, presumably depending on the cis-acting sequences pre
sent in the long 3’UTR expressed in spermatogonia but 
cleaved off in spermatocytes. For the 200 genes for which 
polysome fractionation suggested ON to OFF behaviour, the 
3’UTR extensions were enriched for PABP binding motifs, 
which could promote translation of the long 3’UTR tran
scripts but decreased protein production after removal of the 
sequences by APA [25]. Further functional work is necessary 
to identify the precise translational activators and repressors 
that alter polysome association and protein production from 
the long and short 3’UTR mRNA isoforms produced by stage- 
specific APA.

The production of mRNAs with long 3’UTRs due to devel
opmentally regulated APA is a conserved feature of brain 
tissue. In addition to subcellular localization, the longer 
3’UTRs expressed in the brain can also affect translation. 
Luciferase reporters containing either the short or long 
3’UTR isoform expressed in primary hippocampal neurons 
revealed that the reporter with a short Bdnf 3’UTR was more 
highly translated [70]. Intriguingly, when the hippocampal 
neurons were treated with tetraethylammonium (TEA) to 
induce neuronal activation, the reporters containing the long 
Bdnf 3’UTR were now much more highly translated relative to 
the reporters with short Bdnf 3’UTR, indicating that the 
differential translation depended on neuronal cell state. 
Taken together with the results of An et al. [16] on subcellular 
localization discussed above, it is tempting to speculate that 
the long 3’UTR extension of Bdnf transcripts expressed in 
neurons contains sequences that both target the mRNA to 
neuronal processes and inhibit its translation until the neuron 
is activated. Such mechanisms could play important roles in 
activation dependent strengthening of synapses or other neu
ronal properties related to learning. More recently, a study 
combining polysome profiling and deep mRNA sequencing of 
neurons that had been differentiated in vitro from human 
embryonic stem cells revealed that neuronal transcripts with 
longer 3’UTRs were less likely to be associated with polysomes 
[71], consistent with repression of translation. However, 
dependence on neuronal activation was not studied nor was 

the relative translational state of mRNA isoforms partners 
with short 3’UTRs expressed from the same gene due to APA.

In addition to potential effects on stability of individual 
mRNA isoforms studied by Mayr and Bartel [62], the produc
tion of many transcripts with shorter 3’UTRs due to APA in 
cancer compared with wild-type tissue can also affect transla
tion of the mRNAs. For three genes (IMP1, DICER-1 and 
Cyclin D2) that show 3’UTR shortening due to APA in cancer 
compared to non-transformed cell lines, luciferase reporter 
assays comparing the long or short 3’UTR revealed on average 
10-fold higher protein expression from constructs containing 
the short 3’UTR. Furthermore, mutation of predicted miRNA 
binding sites in the long 3’UTR led to higher expression of the 
luciferase reporters, indicating that the long 3’UTRs of the 
three genes tested are translationally repressed via miRNAs 
[62]. Additionally, overexpression of an mRNA encoding 
a candidate oncogene, IMP-1, with a short 3’UTR showed six- 
fold increase in oncogenic transformation capability com
pared to an IMP-1 mRNA with long 3’UTR. It is possible 
that such pathological upregulation of oncogenic proteins due 
to removal of 3’UTR sequences that normally inhibit transla
tion underlies selection during the progression to cancer for 
mutations that result in the observed widespread 3’UTRs 
shortening due to aberrant APA.

Co-translational protein–protein interactions

Recruitment of RNA binding proteins to 3’UTRs can also 
promote protein–protein interactions with the nascent pep
tide being translated from the mRNA, resulting in differ
ential protein complex formation, localization, and 
function. Production of mRNA isoforms with short vs 
long 3’UTRs due to APA can affect these functions by 
removing or adding binding sites for these factors. CD47 
is a transmembrane protein that acts as a ‘don’t eat me’ 
signal, blocking engulfment by macrophages when it is 
displayed on the cell surface. Its role is especially important 
in allowing cancer cells to avoid attack and clearance by 
immune system cells. Multiple human cell lines express two 
major mRNA isoforms for CD47 that differ in 3’UTR 
length (short and long). Experiments with reporters where 
either the short or the long CD47 3’UTR was coupled to 
mRNA encoding a fusion protein in which the extracellular 
domain of CD47 was replaced by GFP revealed that GFP 
expressed from the mRNA with the long CD47 3’UTR 
localized to the cell surface, while GFP expressed from the 
reporter with the short CD47 3’UTR remained in the endo
plasmic reticulum (ER). No differences were identified in 
the localization of the reporter mRNAs, which were both 
associated with the ER. Further analysis revealed the 
mechanism: the HuR/ELAVL1 protein recruited to the 
CD47 long (but not the short) 3’UTR, binds the SET 
protein and promotes interaction of SET with 
a cytoplasmic facing domain of the nascent CD47 (or 
CD47-GFP) peptide being expressed from the mRNA, 
with the interaction with SET required for eventual locali
zation of the completed CD47 (or CD47-GFP) to the cell 
surface. CD44, TNFRSF13C and ITGA1 also undergo APA
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and were shown to have long 3’UTR isoforms that promote 
HuR and SET-dependent protein localization [72].

4. Tissue and cell-type specific regulation and 
function of APA

One of the most interesting aspects of APA is how it can be 
regulated by developmental programmes or cell state to 
change the expression of the proteins encoded by target 
genes. As we have seen above, a change in the site chosen 
for making the 3’end cut that terminates a nascent transcript 
can have profound effects on mRNA half-life, transcript loca
lization, and whether and where the encoded protein(s) are 
expressed. Different genes are subject to APA in different cell 
types, and the result can either lead to the gene’s 3’UTR 
shortening or lengthening, depending on the tissue or cell 
state. This indicates that APA could be regulated by different 
mechanisms in different cell types. Furthermore, shortening 
(or lengthening) of 3’UTRs can have different, gene-by-gene 
effects on protein production in the same cell, depending on 
the particular cis-acting sequences in the longer 3’UTR. In this 
section, we will review some of what is known about the tissue 
and cell type specific regulation of APA and its functional 
consequences on cell state in vivo, as well as the large areas 
ripe for discovery about the role APA plays in cell state 
change in development and disease.

Neural tissue

APA in the nervous system is well documented and conserved 
across specie from insects to mammals. The nervous system 
stands out for its selective expression of longer 3’UTR iso
forms through APA, setting it apart from other tissues, such 
as the germline (Figure 4 A). In this section, we will explore 
the fascinating landscape of APA regulation in neural tissue 
and its functional significance during development and 
differentiation.

Early gene-specific studies of mouse brain tissues revealed 
several examples of APA-mediated lengthening of 3’UTRs 
that hold implications for neural development and function. 
Comparison of mRNAs expressed in mouse brain vs. other 
tissues revealed genes that express distinct mRNA isoforms 
with different 3’UTRs determined by APA. For example, the 
longest transcript of Mecp2 (methyl-CpG-binding protein 2) is 
10.2 kb and is predominant in the brain, while shorter var
iants (1.8 kb) are found in the liver and lung. Mecp2 expres
sion in the brain shows a temporal profile, with expression of 
the long transcript highest during embryonic development, 
lowest at 12 weeks, and elevated at advanced ages [73]. 
Notably, levels of MeCP2 protein increase with age in neurons 
[74], raising the possibility that the long 3’UTR of Mecp2 may 
harbour elements that favour translation. Another example of 
3’UTR lengthening in the nervous system involves the gene 
encoding Adducin, an actin capping protein. A brain-specific 
β-adducin transcript, present in mouse, rat, and human, has 
an unusually long 3’UTR (up to 6.6 kb) due to tissue-specific 
alternative polyadenylation. This longer transcript plays a role 
in synaptic plasticity underlying learning and memory [75].

Data from RNA sequencing in Drosophila revealed wide
spread APA, with a trend towards 3’UTR lengthening in the 
central nervous system (CNS) [76–78]. Transcripts from 
around 1000 genes were cleaved at more distal polyadenyla
tion sites in the CNS compared to testis and ovary. It is 
known that testes show extensive 3’end shortening, however, 
a fraction (>200) of the genes that show 3’end lengthening in 
heads vs. testes, showed the same trend in heads vs. all 
carcasses, strengthening the notion that the CNS tends to 
express transcripts with long 3’UTRs. The neural transcrip
tome showed a strong preference for novel distal poly(A) 
sites, and many highly extended 3’UTRs (up to 18 kb) were 
previously unannotated, increasing the potential for tran
script regulation [77,78]. Genes encoding RNA-binding pro
teins (RBPs) and transcription factors were preferentially 
subject to 3’UTR extensions in the CNS. Motif analysis 
identified enrichment of Pumilio binding sites, U-rich 
sequences, and binding sites of conserved miRNAs in the 
neural extensions [78]. As discussed above, ELAV, an RNA- 
binding protein specific to neurons in Drosophila, plays 
a crucial role in generating mRNA isoforms with 3’UTR 
extensions during neuronal differentiation. It achieves this 
by binding to the proximal PAS of target genes, which 
inhibits 3’end formation near those sites. Consequently, 
cleavage occurs at downstream PAS sites, leading to the 
expression of mRNA isoforms with the characteristic neuro
nal 3’UTR extensions [33].

Systematic analysis of human and mouse tissues revealed 
increased use of distal polyadenylation sites and expression of 
trans-acting factors involved in 3’UTR processing and poly
adenylation [27,79]. Consistently, differentiation of mouse 
embryonic stem (ES) cells into neurons was accompanied by 
an increase in the use of distal poly(A) sites, resulting in 
3’UTR lengthening [80]. Similarly, zebrafish brains exhibited 
the longest 3’UTRs, with lower expression of 3’UTR proces
sing factors compared to gonads [81]. The long 3’UTR exten
sions expressed due to APA in human and mouse neural 
tissues showed enrichment for binding sites for miRNAs 
expressed in the brain [22]. However, systematic studies on 
the global consequences of APA on protein translation in the 
nervous system are still needed.

The usage of distal PASs resulting in extended 3’UTRs 
influences mRNA localization in the nervous system. In rat 
hippocampus, transcripts localized in axons (i.e. neuronal 
projections) or neuronal cell bodies (somata) exhibited differ
ent 3’UTR lengths, with mRNAs localized to the neuropil 
(composed by axons, dendrites, synapses, glial cell processes 
and microvasculature) having the longest 3’UTRs reported 
[82]. As discussed above, the Brain-derived neurotrophic factor 
(Bdnf) gene produces mRNA isoforms with short and long 
3’UTR through APA, with the long isoforms specifically loca
lized in dendrites of hippocampal neurons [16]. Neuronal 
activation stimulated localization of long Bdnf 3’UTR mRNA 
to dendrites, playing a crucial role in dendritic functioning 
[70,83]. Similarly, RAN-binding protein 1 (RanBP1) mRNA 
isoforms with long 3’UTRs localized to axons, facilitating local 
translation [84]. In contrast, the Calmodulin 1 (Calm1) gene 
generated mRNA isoforms with short and long 3′UTRs, with 
the long isoform restricted to the cell body of dorsal root
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Figure 4. APA has been observed in various tissues and cell-types and its regulation and function are context dependent. (A) in the nervous system APA has been 
found to mostly induce usage of distal PASs compared to other tissues, resulting in transcripts with particularly long 3’UTRs. For some of the cases studies, such 
change in 3’UTR length induced transcripts to be localized in axons. (B) in the male germline it has been widely observed that transcripts tend to undergo 3’UTR 
shortening as spermatogonia differentiate into spermatocytes. A possible mechanism could be the fact that cleavage factors mRNA levels go generally up in 
spermatocytes compared to spermatogonia. In Drosophila this switch of 3’UTR length can affect protein synthesis either from high expression in spermatogonia to 
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ganglion (DRG) neurons [85]. Impa1 (myo-inositol monopho
sphatase-1), an mRNA isoform with a long 3’UTR, was abun
dant in axons due to the presence of an NGF (nerve growth 
factor)-dependent axonal localization motif in the extended 
3’UTR sequence. Interestingly, axon integrity also required 
a stable and polyadenylated shorter isoform of the Impa1 
mRNA, which is generated through the direct cytoplasmic 
cleavage of the longer 3’UTR isoform within axons [86]. 
Notably, elevated neural activity led to global changes in the 
expression levels of 3’UTR isoforms and caused significant 
3’UTR shortening for 3’UTR isoforms expressed in both neu
ropil and somata, with a greater effect for those localizing in 
neuropil [82]. In contrast, although Tp53inp2 is the predomi
nant transcript with a long 3’UTR localized in axons, it does 
not undergo translation in sympathetic neurons. Instead, it 
regulates axon growth in a coding-independent manner 
through its long 3′UTR, which maintains the transcript in 
a translationally repressed state [87].

Overall, these findings highlight the importance of APA 
and extended 3’UTRs in modulating mRNA localization and 
function in neural tissues, providing new insights into neural 
development and synaptic plasticity.

Germ line

APA has also been extensively observed in male and female 
germ cells. In contrast to the 3’UTR lengthening due to APA 
characteristic of neural development, differentiating male 
germ cells tend to express transcripts with shorter 3’UTRs 
compared to progenitor cells or to other tissues. Initially, the 
analysis of expressed sequence tag (EST) libraries suggested 
a global trend of 3’UTR shortening in mouse testicular cells 
compared to somatic cells [26]. During the first wave of 
spermatogenesis in mice, widespread 3’UTR shortening 
occurs due to APA, with post-meiotic spermatids having the 
shortest 3’UTRs. This shortening often eliminated putative 
mRNA destabilizing elements [68]. The shortening of 
3’UTRs at many loci is correlated with increased expression 
of mRNAs encoding components of the Cleavage machinery 
(CM) as spermatogenesis proceeded [26].

RNA-seq data from Drosophila tissues revealed that the testis 
transcriptome prefers the use of proximal PAS, resulting in testis 
3’UTRs being the shortest among all 29 tissues analysed. The 
long 3’UTRs forms expressed in the Drosophila testis were 
enriched for miRNA binding sites compared to their shorter 
counterparts from other tissues, indicating potential functional 
implications of stage-specific APA in male germ cell differentia
tion process [77,78]. Similarly, the analysis of 10X snRNA-seq 
data analysis from the Fly Cell Atlas showed progressive 3’UTR 
shortening during male germ cell differentiation accompanied 
with higher mRNA expression levels of cleavage factors [29,88], 

resembling the pattern observed in mice [68]. Remarkably, map
ping of 3’UTR processing in 14 human samples, including the 
testis, resulted in similar findings [89]. Analysis of snRNA-seq 
data also showed that the ovary contains many cell types that 
show a trend towards the use of proximal PAS [29].

Recent studies on APA in Drosophila spermatogenesis 
showed that developmentally regulated APA can have profound 
effects on the suite of proteins expressed as cells advance from 
one stage to the next in a differentiation sequence. In-depth 
studies by 3’end sequencing of Drosophila testes enriched for 
different germ cell stages from spermatogonia to spermatocytes 
identified over 500 genes that express mRNA isoforms with 
a long 3’UTR in proliferating spermatogonia but a short 
3’UTR in differentiating spermatocytes due to APA [25]. The 
switch from transcripts with long 3’UTRs to their short 3’UTR 
isoforms was in several cases associated with changes in expres
sion of the encoded protein, either from off in spermatogonia to 
on in spermatocytes (e.g. LolaF) or vice versa (e.g. NudE) 
(Figure 4 B). Moreover, analysis by polysome gradient fractiona
tion revealed that for more than 250 genes, the long 3’UTR 
mRNA isoforms expressed in spermatogonia migrated differ
ently than the short 3’UTR mRNA isoforms expressed in sper
matocytes, indicating stage-specific changes in translation 
state [25].

Muscle

APA may also play a role in regulating gene expression during 
myogenesis and in muscle metabolism. As cultured C2C12 
myoblasts differentiate to form myotubes in vitro, transcripts 
from several genes undergo cleavage at more distal, strong 
PAS sites compared to precursor cells, resulting in 3’UTR 
lengthening of many transcripts during muscle differentiation 
[90,91]. On the other hand, the gene encoding the copper 
transporter ATP7A undergoes a shift to more proximal PAS 
usage during myogenic differentiation, resulting in 3’UTR 
shortening. This shortening is associated with increased 
Atp7a transcript stability in differentiated myotubes com
pared to proliferating myoblasts [92]. Differences in 3’UTRs 
due to APA may also serve as markers for specialized muscle 
cell types. A total of 405 genes showed significant differences 
in 3’UTR length of mRNA isoforms expressed in fast vs slow 
myofibers [93]. Among these, 308 produced mRNA isoforms 
with longer 3’UTRs in fast fibres (quadriceps muscle) com
pared to slow fibres (soleus muscle), while 93 produced 
mRNA isoforms with longer 3’UTRs in slow fibres compared 
to fast fibres. Thirty-two of the 405 transcripts with distinct 
3’UTR isoforms had binding sites for miRNAs that show 
significant differences between the two muscle types. 
However, whether these miRNAs functionally regulate these 
transcripts remains to be explored. Notably, the changes in

low expression in spermatocytes (i.e. nudE) or vice-versa (i.e. lolaF). (C) in ageing muscle cells decreasing levels of PABPN1 (in Drosophila Pabp2) are correlated with 
3’UTR shortening, while during myoblast differentiation transcripts tend to undergo 3’UTR lengthening. (D) in bone tissue, APA can induce lengthening or shortening 
of 3’UTR depending on the biological process: while during differentiation it has been observed a trend towards processing of distal PAS, during proliferation and 
healing many transcripts undergo 3’UTR shortening. (E) in the immune system it has been observed that many transcripts are cleaved at proximal PASs after 
activation of immune response. Interestingly, macrophages infected by different agents show switches of APA which change depending on the agent: while upon 
infection with salmonella or listeria transcripts tend to be cleaved at proximal PAS, upon tuberculosis infection transcripts tend to be cleaved at more distal PASs.

RNA BIOLOGY 919



APA observed in global studies did not correlate with differ
ences in levels of mRNA isoforms between the two muscle 
types [93].

Satellite cells, adult stem cells responsible for skeletal mus
cle maintenance and repair following injury, exist in 
a quiescent state in healthy muscles and can be activated to re- 
enter the cell cycle and undergo multiple divisions when 
appropriately stimulated [94]. Both PAX3 and PAX7 tran
scripts encode transcription factors that are key regulators of 
myogenesis [95]. In quiescent stem cells, these transcripts 
undergo APA, leading to the generation of mRNA isoforms 
with either short 3’UTRs (PAX3) or alternative C-terminal 
domains (PAX7) [96,97]. In skeletal muscle stem cells, usage 
of the proximal PAS of the PAX3 gene is repressed by the U1 
small nucleolar RNA, and the resulting long 3’UTR tran
scripts are translationally regulated by the microRNA miR- 
206 [98]. However, when U1 levels are low in diaphragm 
muscle stem cells, PAX3 transcripts with a short 3’UTR are 
produced, which evade regulation by the muscle-specific miR- 
206 [96,98].

Another mechanism that might regulate APA during mus
cle cell development and homoeostasis involves the levels of 
expression of the nuclear polyA binding protein PABPN1 (in 
Drosophila and in Figure 1 A is Pabp2). Aging muscles 
showed diminished levels of PABPN1, contributing to muscle 
wasting and the development of myogenic defects [12,99,100]. 
Decreased PABPN1 levels led to reduced utilization of distal 
PAS on specific genes and adversely impacted translation 
efficiency, thereby compromising protein homoeostasis in 
age-related muscle atrophy [100] (Figure 4 C). Exploring 
potential therapeutic strategies centred around modulating 
PABPN1 levels holds promise for future investigations in 
this area.

Bone

Changes in 3’UTR sequences due to APA have been shown to 
play important roles during bone formation. Insulin-like 
growth factor 1 (IGF-1) is essential for skeletal growth, with 
low levels linked to reduced bone mass in humans and mice. 
C3H/He/J mice express higher levels of skeletal IGF-1 and 
have higher bone mass than C57BL/6J mice. During osteo
blastic differentiation in C57BL/6J cells, nascent IGF-1 tran
scripts tend to be cleaved at a more distal PAS resulting in 
increased expression of an mRNA isoform with a long 3’UTR 
(approximately 6300 bases rather than the 200 bases expressed 
in osteoblasts of C3H/He/J mice) [101]. This long 3’UTR 
mRNA isoform is less stable and has lower translation effi
ciency than the isoform with a short 3’UTR. This may be 
because the long IGF-1 3’UTR contains [GU]18 repeats that 
can be targeted by miR-29 and miR-365, both of which 
increase in expression during osteoblastic differentia
tion [101].

During endochondral ossification, a key process for bone 
development and healing, there is widespread APA in prolif
erating cells between weeks 2 and 3 of bone healing, with 
a global shift towards proximal PAS usage leading to an 
increase in the abundance of mRNAs isoforms with short 
3’UTRs [102]. For example, cleavage near the proximal PASs 

of nascent transcripts from the collagen type I alpha 1 
(Col1a1) and alpha 2 (Col1a2) genes was associated with an 
increase in mRNA levels, partly due to the removal of miR- 
29a-3p binding sites that target the longer 3’UTR isoforms of 
the mRNAs for degradation [102]. However, there is limited 
information regarding the global-scale consequences on pro
tein expression and the underlying mechanisms that regulate 
APA in response to tissue damage in bone (Figure 4 D).

Immune system

APA plays crucial roles in the immune system, regulating 
gene expression related to cell proliferation, differentiation, 
and immune responses in myeloid and lymphoid lineages. 
APA-mediated regulation of IgM heavy chain isoforms high
lights its significant impact on specific protein expression, 
affecting immune cell function and differentiation processes. 
During mouse primary B cell differentiation into plasma cells, 
there is a switch from the membrane-bound (μm) to the 
secreted form (μs) of IgM heavy chain (μ) due to CDS APA 
[21,103–106]. Expression of CstF64 is repressed in mouse 
primary B cells, raising the possibility that expression levels 
of components of the CM may developmentally regulate this 
switch. Up-regulation of CstF64 expression in B cells triggered 
the switch from μm to μs isoforms [106,107]. Notably, CstF64 
binds with higher affinity to the PAS site of the μm isoform 
indicating its specificity [107,108]. However, it has been 
shown that the increase in CstF64 expression associated with 
the G0 to S transition in human B cells is independent of the 
switch from μs to μm IgM heavy chain isoform, suggesting 
that CstF64 levels may not be necessary to mediate the differ
entiation-induced switch [109].

Macrophages are crucial for innate immunity and respond 
dynamically to infections. Exposure to pathogens such as 
Listeria or Salmonella triggers a shift towards proximal PAS 
usage in several genes, leading to expression of mRNA iso
forms with shorter 3’UTRs that lack binding sites for certain 
immune-activated miRNAs [110]. This may allow the tran
scripts to evade translational repression by specific miRNAs 
and promote gene expression during the immune response 
[110]. Similarly, vesicular stomatitis virus infection induces 
preferential proximal PAS usage, enhancing the translation of 
specific genes in both human and mouse macrophages [111]. 
However, the regulation of APA in macrophages is context 
dependent, varying with type of infection (Figure 4 E). For 
example, Mycobacterium tuberculosis infection leads to exten
sive distal PAS usage, resulting in the expression of mRNA 
isoforms with longer 3’UTRs [112].

Changes in 3’end cleavage site have been observed during 
cell proliferation in the immune response, particularly in 
activated murine and human CD4+ T lymphocytes. 
Activation with anti-CD3/anti-CD28 antibodies induced 
widespread APA, leading to expression of mRNA isoforms 
with shorter 3’UTRs due to preferential cleavage at proximal 
PAS sites [65]. Additionally, genes encoding key regulators of 
T cell signalling such as CD5 and NF-ATc undergo APA 
leading to 3’UTR shortening upon T cell activation, further 
supporting the role of APA in modulating gene expression 
during immune responses. The resulting 3’UTR shortening
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often removes miRNA binding sites present in long 3’UTR 
isoforms, leading to increased protein expression from 3’UTR 
reporters [65,66,113]. However, global analysis showed that 
the observed 3’UTR shortening in proliferating T cells was not 
always associated with changes in mRNA or protein levels, as 
might be expected due to the loss of miRNAs target sites and 
destabilizing sequence elements [67].

5. Conclusions

Although APA was first observed 4 decades ago, only recently we 
begun to understand the impact and widespread use of this co- 
transcriptional molecular mechanism. It is becoming evident that 
modifying the menu of transcribed genes at a given time is not the 
only strategy a cell uses to drive changes in the suite of proteins 
expressed. Alternative processing of mRNAs causes the produc
tion of different mRNA isoforms from the same genetic locus, 
potentially changing the type and/or expression levels of the 
encoded protein. Specifically, alternative polyadenylation (APA) 
has been now observed in a considerable number of biological 
phenomena, including during normal cellular differentiation and 
in many disease states. Indeed, more than 70% of human genes are 
subject to alternative polyadenylation in one tissue or another. It is 
therefore extremely important to deepen our understanding of 
how APA is regulated, how it modulates gene expression during 
healthy differentiation and developmental processes, and how 
APA mis-regulation leads to serious disease states. Clinically, 
APA can be used as a biomarker for some kinds of cancers 
[114], and studies that aim to understand the role of APA in 
cancer cells have the potential to identify new therapeutic targets. 
For example, analysis of APA in pancreatic ductal adenocarcino
mas datasets identified the casein kinase CSNK1A1 as an APA- 
regulated target, with abnormal 3’UTR shortening leading to 
increased expression in cancer cells. Knocking down CSNK1A1 
in cancer cells diminished cell proliferation as well as cancer 
growth [115].

Recent years have seen the development of a great number of 
sequencing techniques and bioinformatic tools (for a recent review 
see [116]: that are proving to be extremely helpful in deepening our 
understanding of APA regulation and function). For example, 
FLAM-seq, a recently developed technique for sequencing full- 
length polyA tails, showed that APA can influence PolyA tail 
length, pointing towards an additional mechanism of regulation 
by APA [117]. Studies employing single-cell resolution (e.g. single- 
cell or single nuclear RNA seq) have added detailed information 
on changes in APA during development and differentiation across 
Drosophila tissues [29] and during mouse embryogenesis [28]. 
Single-cell sequencing has the power to capture not only the 
different cell types within a given tissue but also specific develop
mental snapshots of cells undergoing differentiation. An interest
ing recent study performed single-cell polyadenylation sequencing 
in many cell lines and found that genes that show multiple PASs in 
bulk RNAseq data, show a single PAS that changes cell by cell, 
indication cell-to-cell variability of APA [118]. Many single-cell 
studies investigating APA have been performed in cancer cells 
[119,120]. However, we still lack single-cell resolution investiga
tion of APA profiles and regulation during specific developmental 
processes and differentiation programmes in vivo. APA has now 
been observed in many biological contexts and processes, thanks 

to fast developing experimental and computational tools, and APA 
has been demonstrated to regulate gene expression on a gene-by- 
gene basis, either by affecting mRNA stability, localization, or 
translation. The next great challenge is to employ genome-wide 
and high throughput techniques to answer more systematically 
basic questions about how APA functions in developmental and 
cellular differentiation. We suggest that APA could serve as a co- 
transcriptional mechanism to facilitate clean and fast switches in 
the menu of proteins expressed by cells at sequential steps of 
differentiation and/or development. Future work will elucidate 
this model.

Looking to the future, it is particularly important to understand 
how APA is regulated during normal differentiation and develop
ment, and which are the tissue- or disease-specific trans-acting 
factors that bind to cis-regulatory regions of 3’UTRs removed/ 
added by APA and how they affect protein production and func
tion. Although it has been shown that APA can be regulated by 
levels of CM components, transcriptional dynamics, DNA mod
ifications, etc. in certain situations, how and in which contexts 
these possible regulatory mechanisms control the choice of 3’end 
cut site during normal differentiation and development to drive 
expression of different mRNA isoforms is not understood. We also 
do not understand the molecular mechanisms by which proces
sing at specific PASs is affected when APA is mis regulated by 
modulating CM expression levels, transcriptional dynamics, DNA 
modifications, etc. In addition, while many gene-specific examples 
have been reported of miRNAs or RNA binding proteins that 
inhibit or activate translation when bound to specific 3’UTR 
sequences, a global analysis of how and at which level APA affects 
protein synthesis is still lacking for most of the systems in which 
APA has been observed. Techniques such as polysome profiling 
and ribosome profiling coupled with next-generation sequencing 
and the growing number of bioinformatic tools to identify and 
quantify APA events provide a powerful trail map for future 
studies aimed to fully characterize APA regulation and function 
in development and cellular differentiation.
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