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Polyadenylation is the RNA processing step that
completes the maturation of nearly all eukaryotic mRNAs. It is
a two-step nuclear process that involves an endonucleolytic
cleavage of the pre-mRNA at the 30-end and the
polymerization of a polyadenosine (polyA) tail, which is
fundamental for mRNA stability, nuclear export and efficient
translation during development. The core molecular
machinery responsible for the definition of a polyA site
includes several recognition, cleavage and polyadenylation
factors that identify and act on a given polyA signal present
in a pre-mRNA, usually an AAUAAA hexamer or similar
sequence. This mechanism is tightly regulated by other cis-
acting elements and trans-acting factors, and its
misregulation can cause inefficient gene expression and may
ultimately lead to disease. The majority of genes generate
multiple mRNAs as a result of alternative polyadenylation in
the 30-untranslated region. The variable lengths of the 30

untranslated regions created by alternative polyadenylation
are a recognizable target for differential regulation and clearly
affect the fate of the transcript, ultimately modulating the
expression of the gene. Over the past few years, several
studies have highlighted the importance of polyadenylation
and alternative polyadenylation in gene expression and their
impact in a variety of physiological conditions, as well as in
several illnesses. Abnormalities in the 30-end processing

mechanisms thus represent a common feature among many
oncological, immunological, neurological and hematological
disorders, but slight imbalances can lead to the natural
establishment of a specific cellular state. This review
addresses the key steps of polyadenylation and alternative
polyadenylation in different cellular conditions and diseases
focusing on the molecular effectors that ensure a faultless
pre-mRNA 30 end formation.

Introduction

Gene expression is a biological process essential to all organ-
isms that is tightly regulated at different steps. The regulation of
gene expression is accomplished through modulation of the chro-
matin structure by the interaction of regulatory proteins with spe-
cific DNA motifs of the target genes and also by RNA processing.
At the pre-mRNA processing level that occurs in the nucleus,
gene expression is mainly modulated by alternative splicing and
alternative polyadenylation (APA), which have emerged as key
regulatory mechanisms that allow the production of many differ-
ent transcripts from one single transcription unit.1-3

The 30-ends of nearly all eukaryotic mRNAs are formed by
cleavage and polyadenylation, which are necessary for nuclear
export and stability of the mature transcripts. This two-step
nuclear process involves an endonucleolytic cleavage of pre-
mRNA, followed by the polymerization of a polyA (pA) tail to
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Table 1. Summary of polyadenylation (PA) and alternative polyadenylation (APA) related diseases

Conditions
Condition and/
or Disease Gene PA/APA Mechanism Methodology Ref.

Hemathological b-thalassemia b-globin APA Mutations on pA cause
elongated 30UTR and
transcription termination
defects

RNase protection, northern
blotting

17, 18

a-thalassemia a-globin APA Southern blotting, SSCA
analysis

19, 20

Thrombophilia Prothrombin PA Increase of cleavage site
recognition due to a
G20210A variation on PAS

Reporter assay, RT-qPCR,
Western blotting

24, 26

Proliferation and
Oncological

Proliferative
conditions

— APA Shortening of 30UTR due to
proximal PAS usage

PLATA, 30 deep sequencing
technique

16, 29

Cancer E.g.: IMP-1 APA Shortening of 30UTR due to
proximal PAS usage

High-throughput
sequencing, Reporter
assays, western blotting

15, 33

Breast cancer (MB231
cell line)

— APA Lengthening of 30UTR due to
proximal PAS usage

30-deep sequencing, 30RACE,
RT-qPCR

31

Colorectal cancer DMKN, PDXK and PPIE APA Shortening of 30UTR during
cancer progression

30-sequencing, 30PCR, RT-
qPCR

35

Glioblastoma CCND1 and MECP2 APA Shortening of 30UTR due to
CFIm25 depletion

RNA-Seq, western blotting,
RT-qPCR

36

Infection and
Immunological

B-cell differentiation IgM heavy-chain (m) APA CSTF2 promotes weaker
proximal PAS usage

Western blotting, in vitro
cleavage reactions

41

U1A regulates pA tail
addition to m secretory
PAS

EMSAs, pA addition assays,
pA tail measurements

42

U1A inhibits CSTF2 binding
to m secretory PAS

EMSAs, UV-crosslinking
assays, cleavage assays

37, 43

IgH APA CTD tail phosphorylation,
ELL2 and histone
methylation promote the
usage of proximal PAS

ChIP, RT-qPCR 14, 37

T-cell activation NF-ATc APA Shortening of 30UTR upon T-
cells activation due to
increased levels of CSTF2

Reporter assay, northern
blotting, RNase protection
assay, RNA EMSAs,
western blotting

45

LPS stimulation of
macrophages in
infection

— APA Shortening of 30UTR due to
increased levels of CSTF2

Western blotting, RNase
protection assay, RT-qPCR

46

Inflammation and
host defense

TNF-a PA Translation rate decrease
due to pA tail absence in
LPS-stimulated
macrophages

Northern blotting, RT-qPCR,
Polysome analysis, DNA
microarray

48, 51, 52

IPEX syndrome FOXP3 PA Mutations in pA signal
(AATAAA - AATGAA)

30 RACE, RT-qPCR 54, 56

Wiskott-Aldrich
syndrome

WASP APA Mutations on 30UTR that
introduce new pA signals

30 RACE, RT-qPCR, western
blotting

60

Osteoarthritis and
Scleroderma

Collagen genes PA USE-dependent
polyadenylation

In vitro transcription,
polyadenylation and
cleavage assays

63

Systemic Lupus
Erythematosus

GIMAP5 APA Mutation on proximal pA
signal (AATAAA –
AATAGA)

Western blotting, northern
blotting, RT-qPCR

72

Neurological Alzheimer Disease COX-2 APA Increased distal PAS usage Northern blotting, RT-qPCR 84
Parkinson disease a-Synuclein APA Increase in dopamine levels

leads to distal PAS usage
PolyA RNA-Seq, Reporter
Assays, Western and
northern blotting

88

Oculopharyngeal
muscular dystrophy

PABPN1 APA PABPN1 mutation leads to
30UTR shortening

Reporter assay, Co-
immunoprecipitation, R-
EMSA, Cleavage assay

94, 96

(continued on next page)
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the mRNA molecule by polyA polymerase (PAP). The length of
the pA tail is crucial for the transport of the mature mRNAs to
the cytoplasm, their translation efficiency in certain developmen-
tal stages, and the quality control and degradation of mRNA.
Although it was initially established that most mRNAs contained
a pA tail of »150–250 adenosines1-5 recent studies have now
challenged this view. Two different deep sequencing methods
were recently developed to show that the mean pA tail length is
generally much shorter: »30 nucleotides in yeast and »50–100
nucleotides in mammalian and Drosophila cell lines.6,7 Surpris-
ingly, a strong correlation between the length of the pA tail and
translation efficiency could only be found in early embryos. The
pA tail is thus a dynamic region of the mRNA8 that is controlled
differently depending on a specific developmental stage. Interest-
ingly, it has been shown that an increase in PAP activity is associ-
ated with poor prognosis in certain cancers9 and also that usage
of PAP inhibitors affects some genes involved in inflammatory
conditions.10 Therefore, a tight control of the pA tail length may
be a determinant factor in the development of some diseases.

Cleavage and polyadenylation occur co-transcriptionally, and
in addition to transcription per se, the main determinant factors
responsible for the definition of a specific polyA site (PAS) in the
pre-mRNA include cis-acting RNA elements and several core and
auxiliary trans-acting factors that participate and enhance the effi-
ciency of the process. The most important cis-element is a 6
nucleotide hexamer (AAUAAA), the polyA signal (pA signal),
located »10–35 nucleotides upstream of the PAS. Although the
AAUAAA sequence is the canonical pA signal, the pA signal can
adopt more than ten weaker variants of that sequence.1-5,11

APA is a widespread mechanism in eukaryotic cells that con-
trols gene expression by producing mRNA isoforms with alterna-
tive 30 ends. Usage of one PAS over another is often attributed to
the relative strength of the cis and trans-acting elements men-
tioned above but a coordinated integration with transcription has
to take place.12-14

The different types of APA described previously1 differ in the
localization of the pA signal. When the cleavage and/or polyade-
nylation machinery uses a pA signal localized in introns or exons,
it produces mRNAs with different coding sequences resulting in
different proteins. However, when it recognizes pA signals
located in the 30 untranslated region (UTRs), it creates mRNAs
of different lengths. As 30 UTRs often have binding sites for
microRNAs (miRNAs) and RNA-binding proteins (RBPs), natu-
rally longer 30 UTRs contain more of these regulatory sequences
than shorter 30 UTRs. Consequently, the differential utilization
of one or another pA signal in the 30UTR implies that those cis-
elements will be differentially present in the mRNA, affecting the
fate of the transcript and ultimately modulating the expression of
the gene.1-4,11,15,16

Polyadenylation and APA have garnered much interest in
recent years as several studies have revealed a crucial role for this
event in the control of different cellular processes such as prolifer-
ation, differentiation and development. Importantly, it has been
shown that abnormalities in the 30-end processing mechanism
are a common feature among many oncological, immunological,
neurological, and hematological diseases, as well as in cellular
and molecular conditions important for cell homeostasis
(Table 1).1-4,11,15,16 This review discusses some examples where
polyadenylation and APA play fundamental roles in the establish-
ment of diseases and also in different cellular conditions.

Diseases and Cellular States Associated to Altered
Polyadenylation

Hematological disorders
Alterations in one of the most important sequence elements

present in 30UTR, the pA signal, have been linked to numerous
hematological diseases. The majority of these studies were ini-
tially conducted in thalassemias, a group of inherited autosomal

Table 1. Summary of polyadenylation (PA) and alternative polyadenylation (APA) related diseases (Continued)

Conditions
Condition and/
or Disease Gene PA/APA Mechanism Methodology Ref.

Fabry disease a-GalA APA mRNA instability due to
mutations in pA signal

30 RACE, northern blotting 104

Fragile X syndrome FMR1 APA Repeats on 50 UTR affect
choice of pA signals

RLM-RACE, western blotting,
polyadenylation test,
polysome/mRNPs
gradient

109

Spinal Muscular
Atrophy

SMN PA U1A inhibits cleavage and
polyadenylation

EMSA, cleavage and
polyadenylation assays,
Reporter assay

111

Endocrine Steroidogenesis StAR APA Br-cAMP promotes distal
PAS usage

Northern blotting, western
blotting, Reporter assay

120

Diabetic
Nephropathy

HGRG-14 APA Increased levels of glucose
lead to distal PAS usage

mRNA differential display,
northern blotting,
transcription stability

124

Type II diabetes TCF7L2 APA Increased usage of intronic
PAS

Western blotting, reporter
assay

130
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recessive hematological disorders caused by defects in the synthe-
sis of one or more of the hemoglobin chains. These studies clearly
showed that mutations on a pA signal severely affect the expres-
sion of globin genes and are responsible for the disease. These
mutations lead to failure in a globin pA signal usage and as RNA
polymerase II (RNA Pol II) transcription termination mostly
depends on the pA signal, elongated mRNA isoforms were pro-
duced. This causes changes in protein expression and contributes
to thalassemia phenotypes. Examples of early works on these
mutations in globin pA signals and their implications in a and
b-thalassemia are described below.

In 1985 a point mutation in the canonical pA signal
(AATAAA to AACAAA) of a human b-globin gene isolated from
a patient with b-thalassemia was identified. This mutation leads
to the formation of an elongated b-globin mRNA isoform using
a canonical pA signal 900 nucleotide downstream of the muta-
tion site.17 Later, two other mutations in the b-globin pA signal
were identified, a deletion (AATAAA to A—–) and a point muta-
tion (AATAAA to AATAAG). The point mutation leads to the
production of four new elongated mRNA isoforms, which causes
a decrease in b-globin mRNA expression to 12–34%.18

In the case of a-thalassemias, a single substitution in the pA
signal of a2-globin (AATAAA to AATAAG) was identified in
1983 and it was discovered that the expression of the downstream
a1-globin gene was inactivated.19 Later on, it was identified a
mutation on the pA signal of the a2-globin gene characterized by
the deletion of two base pairs (AATAAA to AATA–) that causes
a decrease in the expression of a2-globin gene. As this mutation
affects RNA Pol II transcription termination, expression of a1-
globin gene was also affected by transcription interference.20

These studies highlight the importance of pA signals, since their
disruption not only affects the encoded gene but also may inter-
fere with the transcription of other genes, as in the case of a2-
and a1-globin.

Several studies have disclosed the role of prothrombin pre-
mRNA processing in thrombophilia and the mechanisms
involved in that process. It was found that a G20210A change at
prothrombin PAS is responsible for increased levels of prothrom-
bin in the plasma21-26 and is a risk factor for venous thrombo-
sis.27 Although the G20210A variation does not affect the site
where cleavage and polyadenylation occur or the length of the pA
tail itself, it leads to an increase in the efficiency of pre-mRNA
cleavage. The optimal site of pre-mRNA cleavage and polyadeny-
lation is usually a CA but in pro-thrombin the PAS is CG, which
represents an inefficient cleavage site. The variation G20210A
changes the G to an A, resulting in an increase in cleavage and
polyadenylation. Indeed, using constructs containing 20210A or
20210G sequences in tandem, Ceelie et al. 2003 demonstrated
that transcription tends to terminate more efficiently at the
20210A site.26 This causes an increase in the 30end processing of
prothrombin pre-mRNA and consequently in the production of
higher levels of protein.24 Therefore, the G20210A change in the
prothrombin gene represents a paradigm of polyadenylation
gain-of-function leading to a severe risk of thrombosis
development.

Proliferation and oncological conditions
Following recent advances in genome wide high-throughput

methodologies, several studies have demonstrated the tendency
of proliferative and tumor cells to produce mRNAs with shorter
30 UTRs, eluding miRNAs and RBPs regulation. Interestingly, it
has also been shown that during development and differentiation
the opposite occurs: there is a preferential choice of distal PAS,28

resulting in mRNA isoforms with longer 30UTRs.
In T lymphocytes, Sandberg et al. 2008 developed a tandem

UTR length index (TLI) that assessed the expression of extended
30UTR relative to total gene expression levels to show that in
CD3/CD28 stimulated mouse CD4CT cells, human B-cells and
monocytes, the TLI is decreased after 48h. This study therefore
showed a general decrease in the relative expression of distal pA
signal in tandem UTRs upon T cell activation. Additionally, it
established a negative correlation between proliferative index and
TLI as TLI values were lower in cell lines than in normal tissues
from which the respective cell line derived. These results further
suggest that under proliferative conditions, 30UTRs are generally
shorter.16 As B and T lymphocyte activation is a key immune
response to several stimuli, this may represent an efficient mecha-
nism to escape regulation and respond quicker when lymphocyte
activation is necessary.

Remarkably, a similar observation was reported in cancer cells.
Although cancer and non-transformed cell lines have similar pro-
liferation rates, the former tend to produce increased levels of
mRNA isoforms with shorter 30UTR. This reveals that the corre-
lation between shorter 30UTRs and cell transformation is higher
than the correlation of shorter 30 UTRs and cell proliferation. It
was also shown that globally the shortest mRNA isoforms have
higher stability and produced more protein, which may be a rele-
vant activation mechanism employed by some oncogenes in can-
cer cells. Indeed, the shortest mRNA isoform of the proto-
oncogene insulin-like growth factor 2 mRNA binding protein 1
(IMP-1) was shown to promote higher oncogenic transformation
levels than its longest mRNA isoform.15

The increase in mRNAs with shorter 30UTRs observed in pro-
liferative conditions16 was also confirmed in primary fibroblast
BJ cells and non-transformed MCF10A cells.29 It was reported
that in proliferative conditions, elevated levels of E2F proteins
lead to an increase in the expression of 30 end processing genes30

through binding to their promoter. It was therefore suggested
that this caused the increase in cleavage and polyadenylation at
the proximal PAS observed in proliferative cells.29

Notwithstanding these results, in two different breast cancer
cell lines (MCF7 and MB231) an opposite pattern of 30UTR
length was also described. According to what had been previously
described in cancer and proliferative conditions, the MCF7 cell
line demonstrated a high production of shorter 30UTR mRNA
isoforms; however, the MB231 cell line showed an opposite
switch to longer 30UTRs.31 This demonstrates that in cancer
APA is cell type-dependent, as has recently been shown in healthy
cellular conditions.32 Consequently, the cellular states of prolifer-
ation and transformation are not the only determinants involved
in this regulatory mechanism. Additionally, regulation by
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miRNAs has an important role in decreasing the expression of
elongated 30UTRs, as previously described by Sandberg et al.
2008 for activated T cells.16 In MCF7 and MCF10A cancer cell
lines in particular, it was found that miRNA-25/32/92/92ab/
363/367 have a role in decreasing the ratio between the long and
short mRNA isoforms of its target genes.33

As opposed to cell proliferation, Tian and coll. have shown
that during embryonic development and cell differentiation there
is a global increase in distal PAS usage. The authors developed
the method 30 Region Extraction And Deep Sequencing
(30READS), which diminishes the issue of internal priming and
oligo(A) tail in PAS mappping. They analyzed C2C12 and 3T3-
L1 cells, which were induced to differentiate and represent a
model for myogenesis and adipogenesis respectively, and also
mouse embryos as a model for embryogenesis. A dramatic upre-
gulation of mRNAs produced by distal PAS was observed both
in mouse embryos and during cell differentiation. Interestingly,
it was also observed that upregulated mRNA isoforms present
generally stronger pA signals, indicating that the strength of a pA
signal is an important determinant in PAS selection during devel-
opment and differentiation.34

During colorectal cancer development, alterations in APA pat-
terns were observed during the different stages of cancer progres-
sion: normal mucosa, adenoma, and carcinoma. APA alterations
of three genes were characterized: dermokine (DMKN), pyridoxal
kinase (PDXK), and peptidylpropyl isomerase E (PPIE). A switch
to proximal PAS usage was found for DMKN and PPIE during
progression from normal mucosa to adenoma, and from normal
mucosa to carcinoma. For the PDXK and PPIE genes it was also
shown that the APA pattern was altered during progression from
adenoma to carcinoma. The mechanism behind this observation
probably involves an increase in the expression of some compo-
nents of the polyadenylation machinery detected during colorec-
tal cancer progression (from normal mucosa to carcinoma). This
would induce usage of the proximal PAS, which is generally
more inefficient than the distal one, in a similar mechanism
observed for other genes.35

It has been steadily demonstrated that alterations in the levels
of cleavage and polyadenylation factors in different cellular con-
ditions affect the APA pattern observed. A recent study on glio-
blastoma cell lines demonstrated the relevance of the cleavage
factor CFIm25 in this process in tumorigenesis. After CFIm25
knockdown a global switch to the usage of the proximal PAS was
observed, suggesting a function of this trans-acting factor as a
repressor of proximal PAS selection. In particular, CFIm25
knockdown causes an increase in the levels of several proteins
encoded by tumor growth-related genes, including cyclin D1,
concomitant with a switch to the proximal PAS. Taking advan-
tage of the different levels of CFIm25 in two different glioblas-
toma cell lines (U251 that express low levels of CFIm25 and
LN229 that express high levels of CFIm25), it was shown that
overexpression of CFIm25 in U251 leads to a decrease in cell
growth and cellular invasion, and downregulation of CFIm25 in
LN229 lead to an increase in tumorigenic properties. These
results suggest a role for CFIm25 as a potential tumor suppressor
through regulation of APA events.36

Taken together, these studies indicate clearly that APA is not
regulated by a single factor, but it is regulated in a cell and/or tis-
sue-specific manner. It is conceivable that the shift to the proxi-
mal PAS is a mechanism to evade regulation that could hamper
cell cycle progression during cell activation, proliferation, and in
some cancers. Nevertheless, all these studies show that alterations
in cleavage and/or polyadenylation factors have a dramatic
impact in the cellular state due to major changes in APA and con-
sequently in gene expression.

Infection and immunological conditions
Immune responses are essential to control infectious and

immunological diseases by inducing inflammatory reactions.
This requires a coordinated and timely regulated cellular response
involving multiple genes. Any alteration in this regulation has an
enormous effect in the magnitude and duration of the inflamma-
tory reaction and can lead to pathological conditions.

As reviewed previously37,38 a variety of studies have assessed
how immunoglobulin heavy chain genes are regulated at the
RNA processing level during B-cell differentiation. The IgM
heavy-chain mRNA (m) undergoes alternative processing, involv-
ing competition of splicing and polyadenylation events, to pro-
duce two distinct transcripts that encode a membrane receptor or
a secreted antibody during B-cell differentiation. In pre-B and B
cells, the pA signal of the secretory mRNA isoform is spliced out
resulting in the production of the m membrane receptor, while in
differentiated plasma cells, the proximal secretory PAS is used,
which results in the production of the mRNA encoding the m
secreted form.39,40 The mechanism involved in the usage of one
pA signal over another involves a variety of mechanisms implicat-
ing RBPs and cis-sequence elements, which play important roles
on defining which PAS is used and which m mRNA isoform is
produced during B-cell development. It has been shown that var-
iations in the expression of Cleavage Stimulatory Factor-64 kDa
(CSTF2), which binds to a GU/U-rich cis-element downstream
to the PAS (DSE), affect m pre-mRNA processing. B-cells express
decreased levels of CSTF2 and the m membrane pA signal is
more used, while in plasma cells, that express increased levels of
CSTF2, the weaker m secretory pA signal is recognized more effi-
ciently and thus used.41 U1A was also shown to affect m pre-
mRNA APA. Three U1A sequence motifs localized upstream of
the m secretory pA signal regulate pA tail addition to the m secre-
tory mRNA and control its expression during B-cell differentia-
tion.42 Two other downstream U1A-binding motifs inhibit the
binding of CSTF2 to its natural binding site in the pre-mRNA
and thus are also implicated in the process, impeding cleavage at
the m secretory PAS.43

More recently it has been shown that the choice between m
secretory and membrane isoforms PAS also depends on transcrip-
tion elongation, as the ELL2 elongation factor promotes the pro-
duction of the secretory mRNA isoform.14,44 It was also shown
that ELL2 knockdown causes a decrease in histone 3 methylation
(H3K4 and H3K79) and as B cells and plasma cells present dif-
ferent levels of H3K4 and H3K79 methylation, it is possible that
these chromatin marks also play a role in IgH RNA processing.
These results suggest that an increased transcription in plasma
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cells facilitates the recognition of the proximal PAS and the splic-
ing event characteristic of secretory isoform production.44 Addi-
tionally, they indicate a role for RNA Pol II and transcription-
related factors in IgH RNA processing.

The mRNA isoforms of the transcription factor NF-ATc are
differentially regulated during T cell activation in a similar man-
ner. Three different NF-ATc transcripts are produced due to
splicing and APA events, differing both in the coding region and
also in the 30 UTR length. In na€ıve T cells, two longer isoforms
are produced (NF-ATc/B and NF-ATc/C), whereas in effector T
cells a weak proximal pA signal is used, resulting in a shorter
mRNA isoform (NF-ATc/A). It was also shown that CSTF2
expression is increased upon T cell receptor (TCR) stimulation.
As in na€ıve T cells CSTF2 levels are lower, the proximal pA sig-
nal is not efficiently recognized which allows the splice event to
occur and the distal PAS to be used. Upon TCR activation,
CSTF2 expression levels increase, leading to efficient use of the
proximal pA signal. This is another example where splicing and
polyadenylation competition play a role in pA site choice in the
immune system cells.45 Interestingly, macrophages stimulated
with lipopolysaccharide (LPS) show an increase in CSTF2
expression which also leads to an increase in proximal PAS selec-
tion for several mRNAs.46 Therefore, alterations in the levels of
this important cleavage and/or polyadenylation factor may affect
pre-mRNA processing in several cellular states.

Tumour necrosis factor-a (TNF-a) is a key player in inflam-
mation and host defense.47 Studies on TNF-a mRNA regula-
tion48 have demonstrated that while in unstimulated
macrophages TNF-a mRNA is not translated, upon activation
there is an increase in its translation rate. This is due to a variety
of cis-acting elements present on TNF-a 30UTR48 that surround
the UUAUUUAU sequence, known as AU-rich elements
(AREs), which repress translation by recruiting deadenylases and
downstream degradation machineries.49,50 Interestingly, north-
ern blot analysis shows that translational silent TNF-a mRNAs
have a »200 nucleotides shorter pA tail than the translational
active TNF-a mRNAs.51 These results suggest that the TNF-a
mRNAs present in unstimulated macrophages are translationally
silent due to the lack of a pA tail, which represses translation ini-
tiation,52 revealing another mode of regulation of gene expression
by polyadenylation.

The IPEX syndrome (immune dysfunctions, polyendocrinop-
athy, enteropathy, X-linked) is a rare autoimmune disease related
to an increase in T-cell activation,53 due to a mutation in the
forkhead box P3 gene (FOXP3).54,55 FOXP3 30UTR analysis in
patients revealed an A!G transition in the canonical pA signal
after the stop codon (AAUAAA to AAUGAA), which was not
present in non-affected controls, which caused a decrease in
FOXP3 expression in affected individuals. This impairment in
the polyadenylation and cleavage of FOXP3 pre-mRNA resulting
from a mutation in the pA signal was therefore suggested to be a
cause of IPEX.56

Similar to IPEX, the Wiskott-Aldrich syndrome (WAS) is an
X-linked very rare immunodeficiency57 related to mutations in
the 30UTR of the Aldrich Syndrome protein (WASP) mRNA.
Patients with this syndrome may exhibit multiple phenotypes

and mutations in WASP have been described as the principal
player in this diversity.58,59 One of these is a de novo insertion of
one adenosine that, together with two deletions, results in the
formation of a new pA signal (AAUUAA). As a consequence,
WASP mRNAs from patients have two alternative transcripts due
to APA, instead of only one: the longer transcript is produced by
the use of the canonical pA signal and the shortest is made by the
use of the newly created pA signal. However, although the two
transcripts are translated in two stable mutant proteins, these are
non-functional as important domains of the C-terminus are
affected.60

Collagen genes are essential for strength and flexibility of the
connective tissue and have a key role in tissue development.61

The 30UTR of the collagen genes is highly conserved between
human and other vertebrates, mainly in the regions surrounding
the pA signal, which indicates the presence of important regula-
tory functions.62 It has been shown that highly conserved
upstream sequence elements (USE) located upstream of
COL1A1, COL1A2, and COL2A1 pA signal increase polyadeny-
lation efficiency, possibly by providing a binding site for polyade-
nylation factors.63 These USEs can consequently be seen as
potential agents in controlling the upregulation of collagen
mRNA in disorders as osteoarthritis and scleroderma.64,65

It has recently been shown that Fip-1, a subunit of cleavage
and polyadenylation specificity factor (CPSF) that binds to USEs
and activates polyadenylation,66 promotes embryonic stem cell
(ESC) self-renewal and somatic cell reprogramming.67 It was also
shown that regulation of APA in pre-mRNAs encoding critical
self-renewal factors depend of Fip1-RNA interactions, as well as
on the distance between the PAS. When PAS are far apart and
Fip1 is highly expressed, as in ESCs, the weaker proximal PAS is
usually selected. In contrast, when Fip1 expression is diminished
such as in differentiated cells, distal and stronger PAS are used.
This may be due to constraints in the binding of CSTF2 to the
PAS because when two PAS are positioned close together, the
DSE and USE may be juxtaposed or very close together. When
Fip-1 levels are high, it binds to the USE and impedes CSTF2
binding to the DSE, which inhibits the usage of the proximal
PAS. When Fip1 levels are decreased as in differentiated cells,
there is efficient CSTF2 recruitment and utilization of the proxi-
mal PAS, producing mRNAs with shorter 30UTRs. APA regula-
tion by Fip-1 thus seems to serve as a fine-tuning regulatory
mechanism in stem cell biology and cell fate specification.67

Systemic lupus erythematosus (SLE) is a multisystem autoim-
mune disease that frequently co-segregates with other immune
disorders.68 Disturbance of regulatory T-cells apoptosis has been
related with autoimmunity69 and possibly contributes to the lym-
phopenia observed in SLE. As loss of GIMAP5s70 causes apopto-
sis of primary T-cells71 it may be a player in disorders involving
lymphopenia and apoptosis. A search for associations between
SLE and GIMAP5 revealed two silent SNPs (single nucleotide
polymorphism) in the GIMPAP5 30UTR, one of them located
in the first of three pA signals. The SNP that marks the risk hap-
lotype causes a shift from AAUAAA to AAUAGA, which results
in a transcription termination defect, as described for thalasse-
mias. Homozygous individuals for this SNP have higher amounts
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of the longer mRNA than heterozygous or homozygous individu-
als for the canonical pA signal, suggesting that the GIMAP5 risk
haplotype is associated with susceptibility to SLE.72

These studies show that alterations in polyadenylation factors
(e.g., CSTF2) or in specific pA signals (e.g., in FOXP3) cause sev-
eral immune disorders, highlighting the importance of a tight
control of polyadenylation and establishing a possible link
between the development of immune responses and APA.

Neurological diseases
The development of the nervous system is a very complex pro-

cess and involves a tight network of gene regulation mechanisms.
APA that results in longer 30UTRs has been described in embry-
onic development and differentiation,28 in neurons,73 and in the
central nervous system.74,75 This tissue-specific 30UTR extension
leads to an increase in the complexity of regulation that is partic-
ularly significant in the brain, due to the presence of more miR-
NAs and RBPs binding sites in the mRNA.76

The expression levels of Cyclooxygenase 2 (COX-2), which is
expressed in the brain, are increased during inflammation77 and
regulated by APA.78,79 COX-2 produces two different mRNAs
(2.8 kb and 4.6 kb) by APA.80,81 The longest isoform contains a
high number of AREs82 that cause instability and enhance rapid
mRNA degradation.83 It has been demonstrated that the neocor-
tex, which is affected in Alzheimer disease (AD), expresses high
levels of 4.6 kb COX-2 mRNA. Therefore, a possible association
between high variability of COX-2 APA, its expression levels and
the heterogeneity of the AD phenotypes may be foreseen.84

Mutations in the a-Synuclein (aSyn) gene have been associated
with Parkinson disease (PD).85-87 It has been shown that an aSyn
mRNA isoform with a longer 30 UTR (aSynL) is more highly
expressed in brain tissues of PD patients compared with unaf-
fected brains. It has also been shown that a PD risk-associated
SNP in the 30UTR in unaffected individuals is correlated with a
higher aSynL expression, suggesting that the aSyn APA pattern
may be used as a biomarker for PD disease. Interestingly, it was
shown that aSynL mRNA levels are increased by dopamine treat-
ment in the midbrain dopaminergic neurons, indicating that this
neurotransmitter modulates aSyn APA.88

Protein inclusions are the hallmarks of several neurological
diseases, including the dominant oculopharyngeal muscular dys-
trophy (OPMD). OPDM is characterized by ptosis, dysphasia,
and proximal limb weakness and filamentous intranuclear inclu-
sions in muscle fibers.89,90 The mutated gene involved in this dis-
ease encodes for poly(A) binding protein, nuclear 1 (PABPN1),
also known as PABP2. This gene contains a (GCG)8–13 expan-
sion in dominant OPDM, causing the lengthening of a polyala-
nine tract located at the N-terminus of the PABPN1 protein.91

Interestingly, it has been shown that PABPN1 is involved in
muscle disease92,93 and in mouse and human skeletal muscle the
steady-state levels of PABPN1 mRNA and protein are lower than
in other tissues. However, during muscle regeneration, PABPN1
levels increase, which suggests that PABPN1 is active in muscle
repair and explains the nature of OPMD specifically in this tis-
sue. PABPN1 knockdown in primary mouse myoblasts from
extra ocular, pharyngeal and limb muscles causes defects in

myogenesis, particularly in myoblast proliferation and differenti-
ation. It is worth noting that it has also been shown that
PABPN1 is required for efficient mRNA export from the
nucleus.93 Intriguingly, mutations in PABPN1 do not affect the
steady-state of the pA tail length. Instead, a high concentration of
PABPN1 was found in the nuclear inclusion bodies in the muscle
fibers of OPDM patients, whereas in healthy individuals it is dis-
persed in the nucleoplasm.94 The mutated protein was more
recently shown to function in a dominant-negative manner
sequestering the normal protein in nuclear inclusions. This
mechanism results in a toxic protein gain-of-function.95,96 Tak-
ing into account the observations that PABPN1 binds to the pA
tail of nascent transcripts97-101 and also that proteins located in
the inclusion bodies are generally targeted for degradation it is
likely that mutated PABPN1 retains polyadenylated mRNAs in
nuclear inclusions. Indeed, mutated PABPN1 affects the cellular
localization of polyadenylated mRNAs, altering their function
via their sequestration in the inclusion bodies, a typical feature of
neurological diseases.94 Interestingly, it was additionally shown
that PABPN1 is involved in APA, as its knockdown leads to an
increase of proximal cleavage site selection in genes that contain
multiple PAS.96

Fabry disease is an X-linked rare disorder caused by the defi-
cient activity of lysosomal exoglycohydrolase, a-galactosidase A
(a-GalA).102 a-GalA is a peculiar gene because it lacks a 30UTR
and contains the pA signal within the coding sequence.103 In
Fabry disease patients, two frameshift mutations were found in
the a-GalA 30 terminus resulting in mutant transcripts with dif-
ferent 30 lengths. The first mutation leads to the transition from
AUUAAA to AUUAAG and results in the usage of alternative
pA signals or aberrant selection of cleavage sites. The second
mutation deletes an ACTT sequence downstream of the pA sig-
nal and leads to cleavage of the pre-mRNA at alternative sites.
The majority of the mutant a-GalA transcripts were shown to
result in non-functional polypeptides causing the development of
Fabry disease.104

The fragile X mental retardation 1 (FMR1) gene produces
multiple mRNA isoforms by alternative start sites and APA in
Fragile X Syndrome (FXS)-related diseases, such as fragile X-
associated immature ovarian insufficiency (FXPOI)105,106 and
fragile X-associated tremor and/or ataxia syndrome
(FXTAS).107,108 Three pA signals were described in the FMR1
30UTR: one is the canonical pA signal and the other two are
weaker single nucleotide variants. It was observed that when
FMR1 presents permutation alleles in the 50UTR (CGG repeats
that can be extended from 55 to 200 and do not inactivate the
gene105,106), the mRNA isoforms derived from the two non-
canonical pA variant signals decreased. It was also shown that
APA produces mRNAs with different pA tail lengths. Therefore,
FMR1 permutation alleles affect polyadenylation and mRNA
production and seem to play a role in pathology.109

A variety of studies have shown that U1A, a subunit of U1
spliceosomal small nuclear ribonucleoproteins (snRNPs) com-
plex, which has a main function in splicing also has a role in poly-
adenylation. In 1998 Gunderson et al. have initially
demonstrated that U1snRNP inhibits polyadenylation through
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its interaction with PAP at the distal PAS of the bovine papilloma
virus (BPV) pre-mRNA. Additionally, another component of the
U1snRNP complex, the 70K protein, was identified as a key reg-
ulator in this mechanism.110 More recently, it was shown that
the U1A protein inhibits polyadenylation of the Survival Motor
Neuron (SMN) pre-mRNA.111 This inhibition is a key process
in Spinal Muscular Atrophy (SMA) as this neurodegenerative dis-
ease is caused by low levels of SMN,112 which is implicated in
snRNP assembling, namely in U1snRNP biogenesis. Free U1A
binds to SMN 30UTR with high affinity and specificity, immedi-
ately upstream of the CPSF binding site, inhibiting the cleavage
of SMN pre-mRNA and resulting in a decrease in the SMN pro-
tein production.111

A role for U1snRNP was additionally demonstrated in pre-
venting premature transcription termination at PAS localized
in introns113 and this activity has recently been referred to as
telescripting.114 It was shown that a decrease in U1snRNP lev-
els causes preferential usage of proximal pA signals, localized
either in the 30UTR or in intronic regions. Therefore, in addi-
tion to its role in splicing, U1 snRNP binds to nascent pre-
mRNAs to prevent premature cleavage and polyadenylation in
cryptic PAS.110,113 Interestingly, the U1snRNP levels may be
responsible for this event in activated neurons. In neurons acti-
vated with forskolin and forskolin/KCl, a shortening of
HOMER1 as well as Dab1 (genes involved in synaptogenesis)
pre-mRNAs was observed. On the other hand, a switch to the
production of longer isoforms was observed when U1snRNP
was overexpressed.114 Recently, an extracellular aggregation of
U1snRNP components in the neuronal cell bodies of the
brains of AD patients that caused defects in RNA processing
was described.115 These results indicate that U1snRNP func-
tion in splicing and polyadenylation plays a significant role in
AD. Remarkably, low levels of U1snRNP were also observed
in a cancer cell line (HeLa)114 affecting genes that were previ-
ously described to undergo 30UTR shortening in activated T
cells.16 Furthermore, during differentiation and development
there is a decrease in 30 end processing activity including
U1snRNP,34,114 and thus it is possible that it contributes to
the APA pattern observed in these cellular processes. Taken
together, these results demonstrate a key role for U1snRNP in
regulating APA events and mRNA expression.

Endocrine diseases
With the emergence of high-throughput sequencing technolo-

gies, multiple polyadenylation alterations responsible for several
endocrine diseases were recently revealed. One of these occurs in
the steroidogenic acute regulatory (StAR) gene, where the
encoded protein mediates the crucial step of delivery of choles-
terol to the inner mitochondrial membrane in steroidogenic tis-
sues.116-118 Two StAR mRNA transcripts, the short and long
isoforms, result from APA due to the usage of two pA signals
located in the 30UTR. These isoforms have the same expression
levels in adrenal cells in a basal state.119 However, upon stimula-
tion with Br-cAMP, which stimulates cholesterol metabolism,
there is a preferential production of the longest mRNA isoform
due to usage of the distal PAS that is less stable than the shorter

mRNA. Regulation of StAR at the mRNA level thus seems to be
necessary for rapid regulation of the levels of this important
endocrine regulator.120 Although mutations in StAR have already
been associated with pathologies such as congenital adrenal
hyperplasia (CAH),121,122 these results further suggest that the
impairment of its RNA processing mechanism can also cause
alterations in cholesterol metabolism.

Hyperglycemia is the strongest player in Diabetic nephropa-
thy, a fatal complication of type I and type II diabetes melli-
tus.123 The high-glucose-regulated gene (HGRG-14) was
identified as one of the genes differentially expressed in hypergly-
cemia conditions, where expression undergoes APA regulation in
response to high concentrations of glucose. Although in normal
conditions cells only express the short transcript (700 bp), after
2 h of hyperglycemic medium incubation they start to express
the longest mRNA isoforms (2 Kb). This suggests a lengthening
of HGRG-14 mRNA in hyperglycemic conditions that may be
due to a switch in pA signal selection. Interestingly, a rapid
HGRG-14 mRNA decay in high glucose medium was also
observed, which may be due to the presence of five AREs in the
longer mRNA.124 Taken together, these results suggest that APA
regulates the exclusion (in the short mRNA isoform) or inclusion
(in the longer mRNA isoform) of mRNA destabilizing sequen-
ces,124 which mediate mRNA decay.125 This regulatory mecha-
nism of mRNA stability in hyperglycemic cells provides an
example of how hyperglycemia modulates a cellular function via
APA.

Another gene that has been consistently related with type II
diabetes is the transcription factor 7-like 2 (TCF7L2)126 member
of T-cell factor/lymphoid enhancer factor (TCF/LEF) family.127

Locke et al. 2011 identified a pA signal in intron 4 of TCF7L2
that, when used, produces a truncated mRNA transcript. This
truncated transcript is produced in similar amounts to the full-
length transcript in human tissues associated with type II diabetes
pathogenesis. Similarly to observations made in other stud-
ies128,129 it may be this TCF7L2 loss of function that causes pre-
disposition to diabetes.130

In endocrinological illnesses, as in many other diseases
referred in this review, the type of polyadenylation or APA regu-
lation seems to depend of an intrinsic cellular condition.

Concluding Remarks

This review highlights the relevance of polyadenylation and
APA mechanisms in the correct expression of several cellular
genes involved in disease development and cell homeostasis.
There are definitely many more examples where these pre-
mRNA processing mechanisms play crucial roles in disease and
in specific cellular conditions. Many studies on polyadenylation
and APA have been reported throughout the years and more
recently, with the advance of genome wide methodologies, the
number of transcripts identified due to APA has increased
impressively. However, in some of these cases, the question
remains as to whether the shortening in 30UTR observed for
some mRNAs is due to the usage of the proximal PAS or to the
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presence of silencing mechanisms such as miRNA operating on
the longer mRNA isoforms. As cellular alterations in polyadeny-
lation and/or cleavage factors generally cause dramatic changes in
the APA pattern, it is apparent that APA is not controlled by a
single master regulator, but by a rather complex mechanism that
involves many factors and determinants. Indeed, regulation of
polyadenylation relies on the precise integration of the transcrip-
tion mechanisms with the presence or absence of specific cis-ele-
ments in the pre-mRNA and trans-acting factors in the nucleus,
in a particular cellular state. The development of high through-
put technologies will undoubtedly lead to a faster identification
of polyadenylation and APA associated diseases. Furthermore, it
will possibly lead to the identification of disease biomarkers that
may be used as diagnostic and therapeutic tools in the future. It
is of utmost importance that the molecular mechanisms regulat-
ing polyadenylation and APA are elucidated in depth, to under-
stand the development of certain pathologies.
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