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To polyadenylate or to deadenylate

That is the question
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Messenger RNA polyadenylation

and deadenylation are important
processes that allow rapid regulation
of gene expression in response to dif-
ferent cellular conditions. Almost all
eukaryotic mRNA precursors undergo
a co-transcriptional cleavage followed
by polyadenylation at the 3" end. After
the signals are selected, polyadenylation
occurs to full extent, suggesting that
this first round of polyadenylation is a
default modification for most mRNAs.
However, the length of these poly(A)
tails changes by the activation of dead-
enylation, which might regulate gene
expression by affecting mRNA stability,
mRNA transport or translation initia-
tion. The mechanisms behind deadenyl-
ation activation are highly regulated and
associated with cellular conditions such
as development, mRNA surveillance,
DNA damage response, cell differen-
tiation and cancer. After deadenylation,
depending on the cellular response,
some mRNAs might undergo an exten-
sion of the poly(A) tail or degradation.
The polyadenylation/deadenylation
machinery itself, miRNAs or RNA bind-
ing factors are involved in the regulation
of polyadenylation/deadenylation. Here,
we review the mechanistic connections
between polyadenylation and deadenyl-
ation and how the two processes are reg-
ulated in different cellular conditions. It
is our conviction that further studies of
the interplay between polyadenylation
and deadenylation will provide critical
information required for a mechanis-
tic understanding of several diseases,
including cancer development.
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Introduction

The mRNA
requires the synthesis of a pree-mRNA by
RNA polymerase II (RNAP II) and co-
transcriptional processing of the nascent
precursor by 5' end capping, splicing
and 3' end processing.! The 3' end of the
mRNA is processed by the cleavage of the
pre-mRNA at the polyadenylation site fol-

production of mature

lowed by the addition of a non-templated
polyadenylated tail, which in mammalian
cells is approximately 200-300 adenosine
residues long.? Almost all eukaryotic pre-
mRNAs undergo cleavage/polyadenyl-
ation at their 3' ends, with the exception
of histone mRNAs, which are cleaved
but not polyadenylated.’ The assembly of
the cleavage/polyadenylation machinery
requires specific signal sequences in the
pre-mRNA as well as the assembly of a
large number of protein factors. In nor-
mal mammalian cells, the cleavage step
requires cleavage-polyadenylation speci-
ficity factor (CPSF), cleavage stimula-
tion factor (CstF), cleavage factors I and
II (CF I and II), RNAP II and poly(A)
polymerase (PAP), while the subsequent
poly(A)-tail synthesis depends on CPSF,
PAP, symplekin and poly(A)-binding pro-
tein nuclear I (PABNI).*> The binding of
PABNI to the poly(A) not only stimulates
PAP processivity but also prevents degra-
dation of mRNAs and thereby preserves
the length of the poly(A).® Although the
assembly of all these factors is believed to
be sufficient for 3" processing to occur,
additional protein factors have been
identified as part of the mammalian 3'
end processing machinery.” For example,
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interconnections between the polyad-
enylation and the splicing/transcription
machineries have been shown to play a
role in the regulation of the specificity and
efficiency of the cleavage/polyadenylation
step.®? These additional factors have a role
in the selection of alternative polyadenyl-
ation (APA) signals in most mRNAs, and
in the activation of those signals in all the
mRNAs. Cis-acting elements within the
3' untranslated region (3'UTR), such as
APA signals, microRNA (miRNA) target
sites and AU-rich elements (ARE), play
also an important role regulating 3" pro-
cessing. The relevance of these regulatory
processes is highlighted by changes in the
length of the 3'UTR of different mRNAs

in cancer cells'!

and during cell differ-
entiation.”" For better understanding
of basic aspects of 3' end formation and
its regulation, we suggest the reading of a
recent review by Mandel et al

As no mechanism has been described
yet that regulates the length of the poly(A)
tail during the nuclear cleavage/polyad-
enylation reaction, it is easy to view this
modification as a default mRNA process-
ing step. However, once the tail has been
synthesized the length of the poly(A)
tail is subsequently modulated in what
appears to be a highly regulated event,
which outcome varies dependent on dif-
ferent cellular conditions. Thus, mecha-
nisms involving poly(A) tail length control
and degradation represent an additional
checkpoint for regulation of eukary-
otic gene expression.*>>'¢ In this regard
PAPs and deadenylases are the key cata-
lytic entities that are required for proper
regulation of poly(A) tail length. Evidence
implies that deadenylases are pivotal in
this process and hence deadenylase activi-
ties have gained considerable interest and
a number of deadenylases have been iden-
tified and studied in detail.”'® The best
characterized deadenylases so far are the
CCR4-POP2-NOT complex, which is a
predominant deadenylase in all eukary-
otes, the poly(A)-specific ribonuclease
(PARN), which is a major deadenylase
activity in mammals and poly(A) nuclease
(PAN), which is involved in early steps
of poly(A) tail metabolism. Studies have
shown that deadenylases localize both in
the nucleus and the cytoplasm and are
involved in different cellular processes
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such as DNA damage response (DDR),
non-sense mediated decay (NMD), cell
cycle regulation, cell growth control, cell
proliferation, inflammatory response, cell
differentiation, etc.””?* The role of dead-
enylation in these cellular processes is
either to decrease the total mRNA levels,
to regulate the levels of specific mRNAs
through sequence elements present in
their 3'UTR or to participate in modu-
lating the length of the poly(A) tail. In
addition to the deadenylases the multi-
component exosome participates in the
turnover of both total mRNA levels and
specific mRNAs.»% After deadenylation,
depending on the cellular response, some
mRNAs might undergo a new round of
poly(A) tail extension and translation,
while others might be degraded by the
exosome.

How the poly(A) tail length of a par-
ticular mRNA and, consequently, its level
of translation is determined has been a
matter of investigation for many years. In
this review we discuss mechanistic con-
nections between polyadenylation and
deadenylation in the nucleus (Fig. 1) and
cytoplasm (Fig. 2) under different cellu-
lar conditions, as it has become clear that
poly(A) tail length results from a balance
between concomitant deadenylation and
polyadenylation. Besides, we also focus
our review on cis-acting sequence ele-
ments present in the 3'UTR that have
been shown to participate in the regula-
tion of polyadenylation/deadenylation of
specific mRNAs (Figs. 3 and 4). Such
cis-acting sequences are recognized by
miRNAs, ARE-binding proteins, polyad-
enylation factors or other RNA binding
factors. In summary, this review provides
a broader understanding of the interplay
between polyadenylation and deadenyl-
ation in gene regulation, and discusses
the implications of deregulation of these
important steps of mRNA maturation in
disease.

Nuclear Polyadenylation/
Deadenylation

The
deadenylation machineries have been
mechanistically implicated in mRNA
surveillance and DDR. Nuclear degrada-
tion of mRNAs with mutations in their

nuclear  polyadenylation  and
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coding sequence as well as pre-mRNAs
with defective splicing or 3" end process-
ing requires the exosome.”*** The nuclear
exosome also participates in the degra-
dation of non-coding RNAs, including
tRNA, rRNA, snRNA, snoRNA and
cryptic non-protein coding transcripts
generated by RNAP I1.#! In yeast, a nuclear
mechanism of RNA surveillance has been
discovered that involves not only dead-
enylation but also active polyadenylation
by the TRAMP complex (Fig. 1A).26:4>4
The TRAMP complex is formed by two
noncanonical PAPs, referred as Trf4p and
Trf5p, a 3' to 5' RNA helicase (Mtr4dp)
and an RNA-binding protein (either
Airlp or Air2p). Polyadenylation by
the TRAMP complex adds a tail that is
around 40 nucleotides long to the 3" end
of the targeted RNA and marks it for
degradation. It has been shown that the
CCR4-NOT complex, which includes the
major yeast deadenylase CCR4, physically
and functionally interacts with TRAMP
and the nuclear exosome. Interestingly,
the TRAMP complex enhances RNA
degradation by the nuclear exosome com-
ponent Rrp6.# Rrp6 has exonucleolytic
activity on aberrantly 3' end processed
transcripts and retains transcripts at sites
of transcription where they are presumed
to be degraded.’*# Supporting these
observations, Milligan et al.*’ observed
not only reduction in the levels of differ-
ent mRNA species but also of truncated
RNAs in yeast strains with a defective
PAP. Further studies are required to deter-
mine if a homologue of the TRAMP
complex, which includes polyadenylation/
deadenylation mechanisms,
mammalian cells. Interestingly, a similar
quality-control pathway for polyadenyl-
ated pre-mRNAs to those found in yeast
has been described in the nucleus of mam-
malian cells.” This rapid mammalian
deadenylation-dependent decay pathway
for intronless polyadenylated transcripts
involves the viral RNA element ENE,
which is essential for the nuclear accu-

exists in

mulation of a viral polyadenylated nuclear
RNA. The ENE inhibits deadenylation
and decay of RNAs, likely through intra-
molecular hybridization with the poly(A)
tail.#®

Another example of mechanistic con-

nections between polyadenylation and
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Figure 1. Model for nuclear polyadenylation/deadenylation machineries involved in RNA surveillance and DDR. (A) In yeast, the TRAMP complex-
mediated polyadenylation/deadenylation is mechanistically implicated in mRNA surveillance. The TRAMP complex and the exosome are recruited

to defective RNAs at sites of active transcription by RNAP Il. The TRAMP complex, which contains Trf4p and Trf5p (noncanonical PAPs), Mtr4p (RNA
helicase) and Air1p/Air2p (RNA binding protein), adds a ~40 nucleotides tail to the 3' end of target RNA to mark it for degradation by the exosome. The
CCR4-NOT deadenylase can interact physically and functionally with both the exosome and the TRAMP complex. Rrp6, a nuclear exosome compo-
nent, is necessary not only for RNA exonucleolytic degradation but also for transcription termination. (B) In mammalian cells, the nuclear polyadenyl-
ation/deadenylation switch regulates RNA turnover in response to DNA damage. In the absence of DNA damage treatment, CBP80 binds to nuclear
deadenylase PARN and inhibits its deadenylase activity. The elongating RNAP II-CstF holoenzyme is active and polyadenylation takes place generat-
ing normal levels of mRNA. Upon UV-induced DNA damage, PARN dissociates from CBP80 and interacts with the CstF1/BARD1 complex. Interestingly,
the formation of PARN/CstF1/BARD1 complex not only inhibits RNA 3' end cleavage, but at the same time also activates the deadenylation by PARN

deadenylation machineries has been
described in the DDR in mammalian
cells (Fig. 1B).* In this case, it is possible
that the nuclear polyadenylation/dead-
enylation machineries might signal the
degradation of prematurely terminated
and erroneously processed transcripts,
which could be generated by the arrest
and degradation of RNAP II at sites of
DNA damage. This process might repre-
sent a mechanism of nuclear mRNA decay
that avoids the formation of potentially
deleterious hazardous proteins. It has
been shown that RNA 3' end processing
is strongly but transiently inhibited upon
DNA damaging conditions.’® Initially, it
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was described that 3' end processing is
inhibited after UV-induced DNA dam-
age as a result of both the formation of
the BARDI/CstF complex® and the
proteasomal-mediated  degradation  of
RNAP II°' However, the UV-induced
inhibition of 3' processing turned out to
be mechanistically more complex than
initially thought. For example, CstF1
can also interact with PARN upon UV
treatment.”” Based on the nature of the
factors, it is possible to hypothesize that
the PARN/CstF1 interaction might regu-
late mRNA turnover in different cellu-
lar responses. Consistent with this, the
CstF1/PARN complex plays a role in
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inhibition of mRNA 3' cleavage and acti-
vation of deadenylation upon DNA dam-
age. Importantly, the tumor suppressor
BARDI also plays a role in the activation
of deadenylation by PARN,® suggesting
that the activation of deadenylation and
the inhibition of 3' mRNA cleavage are
part of the same cellular response to DNA
damage. Interestingly, the cap binding
protein 80 (CBP80) also binds PARN
inhibiting its deadenylase activity in
untreated cells,® representing a possible
mechanism by which PARN is recruited
to the nascent pre-mRNA and ensuring
that PARN does not degrade the poly(A)
tail of pre-mRNAs. However, following
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Figure 2. Model for cytoplasmic polyadenylation/deadenylation during cell differentiation processes. (A) The deadenylation and polyadenylation

of dormant mRNAs are controlled by cis-elements at 3'UTR, such as the CPE and the AAUAAA signals, which are recognized by the polyadenylation
factors CPEB and CPSF, respectively. Poly(A) polymerase Gld2 and deadenylase PARN are crucial components of CPEB-containing complexes in the
regulation of deadenylation/polyadenylation. After nuclear polyadenylated mRNAs are transported to the cytoplasm, their poly(A) tails are shortened
by PARN deadenylase associated to CPEB-containing complexes. Although Gld2 polymerase is also associated to CPEB-containing complexes, its activ-
ity is inhibited. During meiotic cell cycle progression, CPEB is phosphorylated and PARN dissociates from CPEB-containing complex, allowing Gld2 to
elongate the poly(A) tail and to label the CPE containing mRNAs for translation. (B) Model for translation repression by deadenylation. As deadenyl-
ation is the first step in this highly regulated process of cytoplasmic polyadenylation/deadenylation during meiosis, other deadenylation factors are
also involved allowing a strict spatial and temporal regulation. Many CPE containing mRNAs also contain other signals in their 3'UTR, such as Pumilio
and/or embryonic deadenylation element (EDEN) binding sites, which are recognized by the deadenylation factors Pumilio and EDEN-BP, respectively.
While Pumilio interacts with the conserved deadenylase complex CCR4-POP2-NOT (shown to the left), EDEN-BP interacts with PARN to deadenylate
mRNAs (shown to the right). Some of these cis-acting RNA sequences are present in the 3'UTR of the same mRNAs, allowing numerous alternative
mechanisms to regulate deadenylation/polyadenylation of mRNAs.

UV-treatment, the CstF1/BARDI com-
plex can revert the CBP80-mediated
inhibition of PARN activity, suggesting a
functional link between the 5' cap and the
polyadenylation/deadenylation  machin-
ery in the DDR. Extending those studies,
it was also shown that PARN along with
CstF1/BARD1 complex participate in
the regulation of endogenous transcripts
during the DDR either by inhibition of
3' cleavage or by activation of deadenyl-
ation.”” Interestingly, nuclear PARN also
plays a role decreasing the stability of
ARE-containing mRNAs, such as c-myc,
c-fos and c-jun, and keeping their levels
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low in non-stress conditions.®>*** Then
these short lived mRNAs increase tran-
siently upon DNA damaging conditions
and are involved in control of cell growth
and differentiation.””’

Supporting the role of PARN dead-
enylase in DDR, other deadenylases have
also been functionally connected with
factors involved in the DDR in yeast. For
example, both PAN and the CCR4-CAF1
complex can interact with DNA damage
response protein kinase DUN1 (Dunl),
which is involved in the DNA damage-
dependent induction of repair genes and
in cell cycle arrest.®* The mRNA levels

Cell Cycle

of the DNA repair gene RAD5 are regu-
lated by a mechanism involving poly(A)
tail length control. Dunl and PAN com-
plex act together in this deadenylation
process, representing additional check-
point targets in the regulation of DNA
repair. In addition, the CCR4-NOT
complex genetically interacts with differ-
ent checkpoint pathways® and mutants in
the deadenylase CCR4 have been found to
be sensitive to DNA damage treatment.®
Interestingly, CCR4-NOT and PAFI,
which have mRNA 3' end processing
functions, are involved in the transcrip-
tion-coupled repair pathway.® It is also
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Figure 3. Schematic diagrams of cis-acting RNA sequences at the 3'UTR involved in polyadenylation/deadenylation processes. The selection between
the proximal or distal alternative polyadenylation signals leads to the exclusion or inclusion of cis-acting RNA sequences, such as miRNA target sites
and ARE, that could mediate polyadenylation/deadenylation processes.

possible that the exosome-associated dead-
enylase activity has a role in the degrada-
tion of incorrectly processed and defective
transcripts generated during DDR. Rrp6,
which is an mRNA surveillance factor,
and its binding partner Lrpl, which is a
DNA repair protein, participate not only
in general mRNA degradation but also
in specific mRNA degradation upon UV
treatment.®® Lrpl is involved in DDR
and requires Rrp6 for proper localiza-
tion on target mRNAs under both DNA
damaging and non-damaging conditions.
Furthermore, recently, it has been shown
that small regulatory RNAs can silence
nuclear-localized RNAs co-transcription-
ally by the recruitment of nuclear RNAI
defective (NRDE) factors that inhibit
RNAP II during elongation.® It is pos-
sible that these small regulatory RNAs
not only generate prematurely terminated
transcripts by inhibition of RNAP II elon-
gation but also, as discussed later in this
review, they silence those erroneous tran-
scripts by activation of a deadenylation
process.

Cytoplasmic Polyadenylation/
Deadenylation

In addition to its role in nuclear mRNA
the
ation machineries have important roles
in regulation of cytoplasmic mRNA
stability, which is part of mRNA sur-
veillance and cell differentiation pro-
cesses. Deadenylation during cytoplamic
mRNA degradation is biphasic.®® First,

decay, polyadenylation/deadenyl-
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the poly(A) tail is slowly shortened by
the PAN2-PAN3 deadenylase complex
to ~100 nt; then the remaining poly(A)
tail is rapidly degraded by the CCR4-
CAF1 deadenylase complex to 8-12 nt.*
The last phase of deadenylation is coinci-
dent with decapping and 5'-to-3' decay.
Antiproliferative factors from the B-cell
translocation gene (BTG)/TOB fam-
ily and the translation termination fac-
tor eRF3 have been described as general
activators of mRNA deadenylation.®-¢
While BTG2 function requires a direct
interaction between BTG2 and POP2/
CAF1 and CCR4 deadenylases,” TOB
function requires the interaction between
TOB and CCR4-CAF1 and PABPCIL.®
As BTG2 is involved in p53-dependent
and p53-independent DDR, it may rep-
resent an alternative mechanism of global
regulation of gene expression after specific
stresses. Increased deadenylation rates are
exhibited by mRNAs that are subject to
NMD, to ARE- and/or miRNA-mediated
decay.®*® Besides, cytoplasmic polyad-
enylation has been described in germ-cell
development, during early embryogenesis,
in post-synaptic sites of nerve cells during
learning and memory processes.”*%?>%
These polyadenylation events lengthen the
poly(A) tail of an mRNA with a shortened
poly(A) tail, so that the mRNA will be
translated. These shortened poly(A) tails
are often less than 20 nucleotides, and are
lengthened to around 80-150 nucleotides.

Gene

expression in early animal

development is regulated in large part
by and

cytoplasmic  polyadenylation
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deadenylation (Fig. 2A). Nuclear pre-
mRNAs containing specific cis-acting
signals in their 3'UTRs have long poly(A)
tails, but once they are transported to the
cytoplasm, their tails are shortened and
those mRNAs become dormant. Once
meiosis continues, the poly(A) tails are
lengthened and mRNAs are translated. In
fact, the sequential waves of polyadenyl-
ation and deadenylation drive the mei-
otic progression forward, preventing the
back and forth slipping of the cell cycle
phases in oocytes.”®”! In the early mouse
embryo, cytoplasmic polyadenylation of
maternal RNAs from the egg cell allows
the cell to survive and grow even though
transcription does not start uncil later.
Polyadenylation of dormant mRNAs is
controlled by the cytoplasmic polyad-
enylation element (CPE) and the hexamer
AAUAAA that are the binding platforms
for CPE-binding protein (CPEB) and
CPSF, respectively. These small sequences
present in the 3'UTR of target mRNAs
were first described in Xenopus oocytes.
Symplekin, which is also a component of
the nuclear polyadenylation machinery, is
involved in cytoplasmic polyadenylation
by binding CPEB and CPSF and serving
as a scaffold to bind the poly(A) poly-
merase Gld2.27%7 PARN deadenylase
is another important factor in this path-
way.”>”* Interestingly, both Gld2 poly(A)
polymerase and PARN deadenylase are
part of a CPEB-containing complex
(Fig. 2).” The shortening of the poly(A)
tail could be explained by two alterna-
tive ways either the catalytic activities
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Figure 4. Models of multicomponent complexes required for regulation of polyadenylation/deadenylation processes. (A) miRNA-mediated deadenyl-
ation. miRISCs, which contain Ago, GW182, PABPC1 and either CAF1-CCR4-NOT (as indicated) or Pan2-Pan3 (not shown) deadenylases, deliver miRNAs
to the target mRNAs and mediate deadenylation, which leads subsequently to mRNA degradation. (B) Inhibition of miRNA-mediated deadenylation.
The RNA-binding protein DAZL overcomes the inhibitory effect of miRNA by inducing polyadenylation and leading to active translation even in the
presence of miRNA. (C) ARE-mediated regulation of deadenylation. The ARE-binding proteins (BP) mediate destabilization and/or stabilization of the
ARE-containing mRNAs. ARE-BPs, such as AUF1, TTP, BRF1 and KHSRP, recruit deadenylases, such as PARN and CAF1-CCR4-NOT, to target ARE-mRNAs
and initiate the deadenylation process that precedes degradation. Another ARE-BP, HuR, plays a role in stabilizing ARE-containing mRNAs by blocking
the binding of ARE-BPs involved in the destabilization of ARE-mRNAs, such as AUF1, TTP and KHSRP. This competition stabilizes the association of
PABP to the poly(A) tail or prevents the recruitment of deadenylases to the ARE-mRNA. (D) ARE- and miRNA-regulated deadenylation. Cooperation of
AREs-BPs, miRNAs, deadenylases and exosome is essential for the regulation of mRNA stability. The recruitment of the ARE-BPs HuR or TTP to the ARE
sequence assists the targeting of let-7- or miR-16-loaded miRISC complexes, respectively, to the most proximal site to the ARE sequence.

are modulated (i.e., PARN inhibits Gld2
activity and/or Gld2 activates PARN) or
deadenylation by PARN is intrinsically
more efficient and therefore out-competes
polyadenylation by Gld2. Later, when
oocytes mature, PARN is lost from the
complex due to CPEB phosphorylation
by the kinase Aurora A, allowing Gld2
to elongate the poly(A). The newly added
poly(A) tail is protected from degradation
by embryonic poly(A)-binding protein
(ePAB), which first transiently associates
with CPEB and then binds the poly(A)
tail” ePAB dissociation from CPEB is
regulated by RINGO/cdkl, which is
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another protein kinase that phosphory-
lates CPEB.7%"7

The translation of pre-existing mater-
nal mRNAs occurs in a strict temporal
order during meiotic cell cycle progression
in Xenopus oocytes.”> Cell cycle depen-
dent signals that regulate the timing of
cytoplasmic deadenylation are present in
the 3'UTR. For example, polyadenylation
response clements (PRE) and its bind-
ing factor Musashi, together with CPEB,
contribute to the polyadenylation of early
mRNAs.#”  The phosphorylation of
CPEB at multiple sites, including Ser174,

is also very important for the activation

Cell Cycle

of polyadenylation.®*®} Interestingly, late
cytoplasmic polyadenylation also depends
on CPEB phosphorylation by activated
cdkl, which phosphorylates free CPEB
labeling the protein for proteasomal
degradation.®** CPEB associated with
CPSF and symplekin is protected from
phosphorylation and degradation. Thus,
mRNAs that undergo late polyadenyl-
ation often have a CPE overlapping with
the poly(A) signal that facilitate the inter-
action of CPEB with the other factors
and the recognition of the CPE, avoid-
ing CPEB phosphorylation and degrada-
tion and allowing polyadenylation at later

Volume 9 Issue 22



stages.’*®8788 The initial deadenylation
process is also highly regulated by dif-
ferent protein factors and cis-acting ele-
ments. Although, as mentioned before, the
CPEB-PARN complex mediates this pro-
cess (Fig. 2A), other deadenylation factors,
such as Pumilio (Fig. 2B)®' and embry-
onic deadenylation element (EDEN)-
binding protein (BP, Fig. 2B)** might
contribute to the regulation of the dead-
enylation of CPE-containing mRNAs.
Some of the CPE-containing mRNAs
also contain binding sites for Pumilio and
EDEN-BP, indicating that the recruitment
of these factors might be by both protein-
protein and RNA-protein associations.
Interestingly, Pumilio can bind not only
CPEB but also the conserved deadenylase
complex CCR4-POP2-NOT,” suggesting
that deadenylases other than PARN might
be involved in cytoplasmic deadenylation
during development. Interestingly, the
expression levels of many of the factors
involved in cytoplasmic polyadenylation,
such as cdkl, Aurora A, Gld2, are regu-
lated by this process.”*

Polyadenylation/deadenylation  pro-
cesses have also been described as part
of the molecular mechanisms that allow
long-term memory. While short-term
memory is controlled by local activation
of a cascade of kinases and phosphatases;
long-term plasticity requires translational
control of localized mRNAs. In mam-
mals, dendritic mRNAs are maintained
in a repressed state and are activated upon
repetitive stimulation. Several regulatory
proteins required for translational con-
trol in early development are thought to
be required for memory formation, sug-
gesting similar molecular mechanisms.
In the brain, cytoplasmic polyadenylation
is active during learning and could play a
role in long-term potentiation, which is
the strengthening of the signal transmis-
sion from one nerve cell to another in
response to nerve impulses and is impor-
tant for learning and memory formation.
CPEB and Gld2, which are also involved
in the activation of dormant mRNAs,
are required for the stable maintenance
of synaptic facilitation in Aplysia®*’” and
for poly(A) elongation in Drosophila,
respectively.”® CPEB has also been shown
to be important for neuronal synaptic
plasticity, learning and memory using
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mouse knockout studies.”®'*®  Similar

studies also show that CPEB plays a role
in germ cell differentiation and synapto-
nemal complex formation.'” Although
several CPE-containing neuronal RNAs
have been shown to undergo CPEB-
dependent polyadenylation,'*
studies have validated the role of poly-

very fCW

adenylation regulation of those RNAs in
plasticity. Recently, the mRNA targets of
the Drosophila neuronal CPEB, Orb2,
have been identified.!”® Some of these
targets include genes involved in neuro-
nal growth, synapse formation and pro-
tein turnover, raising the possibility that
Orb2-mediated polyadenylation might
create a permissive environment for syn-
aptic growth only at the activated synapse.
It has also been shown that c-jun mRNA
translation is regulated by CPEB and that
growth hormone (GH) transcription via
c-jun could mediate synaptic plasticity in

the mouse hippocampus.*t

Interestingly,
ARE-containing mRNAs are regulated by
a polyadenylation/deadenylation mecha-
nism both in the cytoplasm and in the
nucleus.®!" It has been shown that CPEB
possesses a  self-perpetuating prion-like
behavior in invertebrates, and that the
aggregated form of CPEB remains acti-
vated for a long period of time upregu-
lating cytoplasmic polyadenylation and
translation locally in  dendrites.''"
Further studies are required to determine
if there is a functional connection between
CPEB prion-like structure and its trans-
lational regulatory functions in different
organisms.

In addition to these cytoplasmic pro-
cesses, the polyadenylation/deadenylation
machinery has an important role in the
decay of mRNAs encoding premature
translation termination codon (PTC).
mRNAs with PTC are degraded in a path-
way known as NMD."%M1% In this path-
way, the nonsense transcripts are degraded
either by deadenylation followed by 3'—5'
exonucleolytic degradation or by decap-
ping without deadenylation.!”®!® The
molecular connections between NMD
and deadenylation factors are still unclear.
It has been shown that NMD factors
RNA helicases Upfl, Upf2 and Upf3X
can form a complex with the deadenyl-
ase PARN and activate deadenylation."?
By contrast, a separate study reported no
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effect on NMD of PARN overexpres-
sion or knockdown, whereas inhibition of
NMD was observed upon knockdown or
upon overexpression of inactive mutants of
the CCR4-CAF1 and PAN2-PAN3 dead-
enylase complexes.® On the other hand,
another study has shown that the major
deadenylase CCR4, which is involved in
the turnover of normal mRNAs, is not
involved in NMD.'*

Cis-Elements Involved
in Polyadenylation/Deadenylation

Polyadenylation, deadenylation, mRNA
stability and translation are often under
the control of cis-acting regulatory ele-
ments within the 3'UTRs of eukaryotic
mRNAs. These sequence elements recruit
trans-acting protein factors that regulate
those processes and affect gene expression.
Examples of these cis-acting elements
include APA signals, AREs and miRNA
target sites. The use of different APA sig-
nals generates a diversity of mRNA iso-
forms that carry different arrangements
of AREs and miRNA target sites. Both
sequence and location of these elements
are responsible for their accurate regula-
tory functions. Many studies support the
idea that miRNAs destabilize mRNA
through deadenylation pathways, while
AREs function in mRNA stability by
either preventing mRNA from degrada-
tion by exosome or by recruiting the exo-
some to decrease the mRNA stability. The
degradation of these mRNAs is linked
to the appearance of processing bodies
(p-bodies), which are cytoplasmic foci
involved in mRNA turnover. One central
component of the p-bodies, Patlb, has
been shown to physically connect dead-
enylation with decapping by the recruit-
ment of both the CCR4-CAF1-NOT
deadenylation complex and the Dcpl-
Dcp2 decapping complex.'

About 54% of human genes have more
than one conserved polyadenylation sites
that show different efficiencies of polyad-
enylation (Fig. 3)."' Several cis-acting ele-
ments within the 3'UTR are responsible
for the selection among these APA sites.
The hexamer AAUAAA and U/GU-rich
elements are the core mammalian mRNA
polyadenylation elements that bind CPSF
and CstF, respectively; and the cleavage
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site lies in between these two core ele-
ments. Additional cis-acting elements that
function to alter the efficiency of polyad-
enylation have also been identified as aux-
iliary RNA elements.!”!** However, once
the signal is recognized by the cleavage/
polyadenylation complex in the nucleus,
the full-length poly(A) tail is added to the
cleaved 3' end. No regulatory mechanisms
have been described yet at this first round
of polyadenylation, suggesting that addi-
tion of a poly(A) tail is a default modi-
fication after mRNA 3" cleavage in the
nucleus. Although a direct connection
between APA and the polyadenylation/
deadenylation machinery has not been
described, the selection between the dis-
tal or proximal alternative signals might
cause the inclusion or exclusion of other
cis-acting RNA elements involved in poly-
adenylation/deadenylation processes. The
relevance of these regulatory processes
is highlighted by the finding of changes
in the length of the 3'UTRs of different
mRNAs, which change the number of
miRNA target sites and AREs, in cancer
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and during cell differentiation.

miRNAs comprise a large family of
small single-stranded non-coding RNAs
(-21 nts in length), which are encoded
within the genome of species ranging
from protozoans to plants to mammals.
In mammals, it is predicted that the regu-
lation of more than 60% of all protein-
coding genes are mediated by miRNAs
via their imperfectly base-pairing with
the target mRNA 3'UTR through their
5'-proximal “seed” region.'?'#3 It has been
shown that each mRNA could be regu-
lated by more than one miRNA, and each
miRNA could base-pair with more than
one target mRNAs. miRNAs control pro-
tein synthesis either through translation
regulation and/or through deadenylation
activation, which leads subsequently to
mRNA degradation (Fig. 4A).'2"%¢ These
two mechanisms have been identified as
two distinct independent pathways: the
ability of miRNAs to expedite deadenyl-
ation does not depend on decreased trans-
lation; nor does translational repression by
miRNAs require a poly(A) tail.'*’

miRNAs function in the
ribunucleoprotein complexes known as
miRNA-induced silencing  complexes

(miRISCs), which deliver miRNAs to

form of
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their mRNA targets. miRISCs facilitate
degradation of miRNA targeting mRNAs
via a biphasic deadenylation followed by
Dcpl-Dep2 complex-directed decapping,
and subsequent exonucleolytic diges-
tion.'”® Argonaute (Ago) family proteins
are one of the best-characterized core com-
ponents of miRISCs. Agos recruit another
group of factors, the GW182 (TNRC6
in humans), which are crucial for accel-
erated deadenylation by miRNA.!#-13!
Interestingly, GW182 dissociates from
miRISCs at a step of silencing down-
stream of deadenylation, indicating that
GW182 is essential to initiate silencing
by activating deadenylation but is not
required to maintain silencing.'®*'33 The
cytoplasmic polyadenylate binding pro-
tein 1 (PABPCI) is an additional protein
component that is critical for the miRNA-
mediated deadenylation. It has been
shown that a conserved motif in GW182
interacts with the C-terminal domain of
PABPCI and that this interaction and
the activity of PABPCI1 contribute to
miRNA-mediated poly(A) removal.'31%
One of the best studied deadenylases
involved in miRISCs is the CAF1-CCR4-
NOT1 complex, which contains two
protein factors with deadenylase activity,
CCR4 and CAF1. It has been shown that
the CAF1-CCR4-NOT complex associ-
ates with PABPCI, and the deadenylase
activity of the CAF1-CCR4-NOT com-
plex is necessary for the miRNA-medi-
ated deadenylation.'”® Supporting these
results, both the knockdown of CAF1 or
NOTT1 expression'®!% and the overex-
pression of CCR4 or CAF1 mutants could
significantly reduce miRNA-mediated
deadenylation and mRNA decay, but not
translational  repression.’**  Pan2-Pan3
deadenylase has also been described to
play a role in miRNA-mediated deadenyl-
ation."”® How and if PARN, one of the
three major deadenylases in human cells,
is involved in miRNA-mediated dead-
enylation still remains to be established.
On the basis of these studies, it has been
proposed that the miRNA-mediated deg-
radation of mRNAs involves the associa-
tion of Ago proteins to the miRNAs and
the recruitment of GW182 to the target
mRNAs via its N-terminal domain; then
the GW182 C-terminal silencing domain
recruits the deadenylase complex through

Cell Cycle

the interaction with PABPC1. However,
the deadenylase functions of CCR4-NOT
can be reconstituted by direct tethering
of miRISC to the mRNA, suggesting
that the activation of deadenylation by
miRISC is independent of miRNA base
pairing.!?®1%¢ It has been shown in human
cells and in primordial germ cells of
zebrafish that some RNA-binding pro-
teins, such as Dndl and DAZL, can
protect certain mRNAs from miRNA-
mediated repression by binding mRNAs
and prohibiting miRNAs from associat-
ing with their target sites (Fig. 4B).!%1%
Interestingly, DAZL not only reverts the
miRNA-mediated repression by miR-430
but also induces polyadenylation of the
tdrd7 mRNA irrespective of the function
of miRNA."38

The role of miRNA-mediated dead-
enylation in different biological processes
has been studied in different systems.
For example, it has been shown that let-7
miRNPDPs directly activate deadenylation of
target mRNAs in a cell-free system,'” and
that the overexpression of let-7 miRNAs
decreases the mRNA levels of oncogenes,
such as c-myc'®® and RAS.™! These results
indicate that a decrease in let-7 miRNA
levels might lead to tumorigenicity in lung
and colon cancers."'*? The processing
of let-7 precursors is blocked by 1in-28B,
a putative RNA-binding protein highly
expressed in hepatocellular carcinoma.'®
The overexpression of lin-28B enhances
tumorigenecity by increasing the expres-
sion of the oncogenic let-7 targets."* miR-
125b has also been described to participate
in miRNA-mediated deadenylation and in
the reduction of cellular abundance of tar-
geting mRNAs. Interestingly, the over-
expression of miR-125b correlates with the
downregulation of 1in-28." These studies
indicate that miRNAs might play crucial
roles in multiple oncogenic pathways. In
fact, it has been suggested that miRNAs
might function as oncogenes and pro-
mote cancer development by negatively
regulating tumor suppressor genes and/
or genes that control cell differentiation of
apoptosis.1 6147

About 12% of mammalian mRNAs
bear important regulatory signal AREs in
their 3'UTRs, which have been shown to
play significant roles in mRNA stability

regulation."® The ARE typically contains
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one or several AUUUA pentamer repeats
within a U-rich region of the 3'UTR.1!
ARE sequences are frequently present in
genes that encode tightly regulated pro-
teins involved in cell growth regulation,
cell differentiation and responses to exter-
nal stimuli. The destabilizing functions
of AREs are important because in their
absence proto-oncogenes, such as c-fos,
c-myc, c-jun, could become oncogenes.>
Other mRNAs, such as IL-3, need AREs
in order to inhibit the growth of autocrine
tumor mast cells by an immunosuppressant
cyclosporin A.”®* A number of trans-acting
factors, known as ARE-binding proteins
(ARE-BPs), regulate ARE-mediated
decay by either inhibiting or activating
deadenylation, and subsequently change
the stability of ARE-containing mRNAs
(Fig. 4C)."* The ARE-BPs that promote
ARE-containing mRNAs decay include
tristetraprolin (T'TP), butyrate response
factor 1 (BRF1), AU-rich binding factor 1
(AUF1) and KH-type splicing regulatory
protein (KHSRP or KSRP). So far only
Hu protein R (HuR) has been shown to
play a role in stabilizing ARE-containing
mRNAs. 16 ARE-BPs regulate ARE-
mediated decay of mRNAs by recruiting
the deadenylases to the target mRNAs in
different cellular conditions. For example,
TTP directs its target ARE-containing
mRNA tumor necrosis factor (a-TNF)
for degradation by expediting removal of
the poly(A) tail. Interestingly, the phos-
phorylation of TTP by mitogen-activated
protein kinase-activated protein kinase
2 reduces the ability of TTP to promote
deadenylation by inhibiting the recruit-
ment of CAF1 deadenylase, indicating
that the CAF1-CCR4-NOT deadenylase
complex is responsible for TTP-directed
deadenylation.””'®* Supporting the idea
that CAF1 deadenylase plays critical role
in ARE-mediated deadenylation, knock-
down of CAF1 has been shown to abrogate
the deadenylation and decay of the ARE-
containing o-globin mRNA.'¢"1®? Besides
the CAF1-CCR4-NOT deadenylase com-
plex the deadenylase PARN has also been
suggested to be involved in ARE-mediated
deadenylation and to promote TTP-
directed deadenylation in vitro.2163164
KSRP recruits PARN to ARE-containing
mRNAs to initiate the poly(A) tail short-
ening that precedes the degradation by the
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exosome.'® On the other hand, ARE-BPs,
like HuR, can stabilize ARE-containing
mRNAs by blocking the recruitment of
deadenylases or the exosome.'

Interestingly, some of the seed signals
recognized by miRNA overlap with AREs
in the 3'UTR. Although the exact contri-
bution of miRNAs, miRISC, AREs and
ARE-BPs to mRNA decay has not been elu-
cidated yet, recent studies have described
a functional overlap between AREs- and
microRNAs-mediated mRNA turnover
pathways (Fig. 4D). It has been described
that miRNAs can functionally interact
with ARE-BPs, and that Dicer and Ago
are required for ARE-mediated decay.'”
For example, it has been shown that HuR
can bind AREs present in c-myc 3'UTR
at a site proximal to that recognized by
let7 miRNA. HuR appeared to facilitate
the targeting of let-7-loaded miRISC to an
adjacent region of HuR binding site, and
to mediate the reduction of c-Myc mRNA
levels.!®® Another example is the coop-
eration of ARE-BP TTP and miR-16 in
targeting tumor necrosis factor-o mRNA
for ARE-mediated mRNA degradation.'
TTP does not bind directly miR-16 but it
forms a complex with miRISC, and that
complex recruits the deadenylase and the
exosome for mRNA degradation. HuR
can also relieve CAT-1 mRNA from miR-
122 repression upon stress in human liver
cells.'®

Conclusions

Understanding the mechanisms and con-
sequences of the changes in the lengths
of mRNA poly(A) tails has been a matter
of investigation for many years and it has
been established that modulation of the
length of the poly(A) tail of an mRNA
is a widespread strategy used to control
protein production and mRNA stability.
This mechanism of post-transcriptional
regulation has turned out to be an essen-
tial mechanism for proper control of gene
expression in different cellular condi-
tions. The potential for mRNA stabil-
ity and translation control is enormous
encompassing hundreds of protein and
miRNA regulators, a multitude of dead-
enylases and abundant cis-acting signals
in the 3'UTR. The data reviewed here
clearly indicate that poly(A) tail length
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results from a balance between concomi-
tant deadenylation and polyadenylation
in numerous cellular responses, such as
nuclear mRNA surveillance, DDR, devel-
opment and long-term memory. Despite
intensive research and substantial progress
during recent years, we still do not know
in detail the underlying molecular mecha-
nism behind polyadenylation/deadenyl-
ation in these processes and how the two
processes are interconnected to each other.
Thus, several fundamental questions are
still waiting to be solved. For example:
does a homologue to the TRAMP com-
plex exist in mammalian cells? Does the
CstF/PARN complex play a role in pro-
cesses other than DDR? What are the
mRNA targets regulated by CstF/PARN?
Do other cis-acting sequences regulate
cytoplasmic polyadenylation? Are those
sequences present in different group of
mRNAs? Which are the PAPs and deade-
nylases involved in each of these processes?
What are the direct interactions between
protein factors and RNA elements? Is the
polyadenylation/deadenylation machinery
involved in NMD? Is polyadenylation also
involved in the miRNA-dependent regula-
tion of mRNA stability and translational
repression? As growing evidence reveals
connections between 3" end mRNA pro-
cessing events and human diseases,"”’
what is the medical relevance of the regu-
lation of polyadenylation/deadenylation
machineries? The development of novel
approaches for studying 3' end process-
ing and the determination of new protein
factors and cis-elements involved in these
reactions will be essential to address some
of these basic questions.
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