1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Wiley Interdiscip Rev RNA. 2011 January 1; 2(1): 23-31. doi:10.1002/wrna.47.

Alternative mRNA polyadenylation in eukaryotes: an effective
regulator of gene expression

Carol S. Lutz!" and Alexandra Moreira2

1Department of Biochemistry and Molecular Biology, UMDNJ-New Jersey Medical School, MSB
E671, 185 South Orange Ave., Newark, NJ 07103, Phone: 001 973 972 0899, Fax: 001 973 972
5594, lutzcs@umadnj.edu

2Cell Activation and Gene Expression, Instituto de Biologia Molecular e Celular -IBMC,
Universidade do Porto, Rua do Campo Alegre, 823, 4150-180 Porto, Portugal, Phone: +351
226074951, Fax: +351 226099157, amcarmo@ibmc.up.pt

Abstract

Alternative RNA processing mechanisms, including alternative splicing and alternative
polyadenylation, are increasingly recognized as important regulators of gene expression. This
article will focus on what has recently been described about alternative polyadenylation in
development, differentiation, and disease in higher eukaryotes. We will also describe how the
evolving global methodologies for examining the cellular transcriptome, both experimental and
bioinformatic, are revealing new details about the complex nature of alternative 3’ end formation,
as well as interactions with other RNA-mediated and RNA processing mechanisms.

RNA processing has long been known to be involved in regulation of gene expression. Such
processing encompasses many modification events, including capping, splicing,
polyadenylation, editing, and base modifications. This article will focus on polyadenylation,
the process by which messenger RNAs (MRNAs) acquire a poly(A) tail at their 3’ ends, and
alternative polyadenylation, the process by which alternative 3’ ends of an mMRNA become
polyadenylated. It should also be noted that due to space limitations, not all work on this
subject could be discussed here; we have highlighted some important areas of current
research.

Poly(A) tails are found on the 3’ end of nearly every fully processed eukaryotic mRNA, and
influence MRNA stability, translation, and transport (reviewed in 1°3). Polyadenylation is a
two-step process (reviewed in 477), first involving specific endonucleolytic cleavage at a site
determined by binding of polyadenylation factors. The second step involves polymerization
of the adenosine tail to ~200 residues in higher eukaryotes and ~70 As in yeast; tail length is
quite organism-specific. As has been appreciated more completely in recent years, 3’ end
formation is interconnected to other mMRNA processing events, mRNA transcription, and
transcription termination (8711).

Almost all eukaryotic polyadenylation signals contain a core upstream element, the
consensus sequence AAUAAA (or a variant) ~10-35 nucleotides upstream of the actual site
of poly(A) addition (reviewed in 677+ 12). In addition, sequences ~14-70 nucleotides
downstream (core downstream elements) are known to be involved in directing
polyadenylation (reviewed in 677 and references therein). Auxiliary elements upstream and
downstream of the AAUAAA sequence have also been characterized that can enhance
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polyadenylation efficiency, often mediated by specific binding of additional trans-acting
factors (13722). The basal mammalian polyadenylation and cleavage machinery is
comprised of four basal multi-subunit protein factors, which assemble on the RNA before
any reaction takes place (reviewed in 6:23). Many additional, auxiliary protein factors have
also been identified (reviewed in 7: 23724). In a tightly coupled, two-step process, cleavage
occurs 10-30 residues after the core upstream element, followed by addition of the poly(A)
tail by poly(A) polymerase.

The complexity of polyadenylation and interaction with other mMRNA processing reactions
and transcription indicate that polyadenylation is used to regulate gene expression in a
variety of developmental and proliferative “schemes.” Most pre-mRNAs in the cell are not
efficiently processed, and therefore, even small changes in the overall processing efficiency
of a particular pre-mRNA may have a great effect (see Figures 1, 2, and 3). Frequently,
several auxiliary factors bind to the pre-mRNA and either competes and/or cooperates with
each other to modulate the mechanisms of cleavage and polyadenylation. Small alterations
on the concentrations of any of these factors in a particular physiological state of the cell
will affect the outcome of the pre-mRNA 3’ end processing and certainly impacts on gene
expression. Alternative processing of mRNAS is another important regulatory level in gene
expression control as it is now appreciated that over half of the mRNAs in the human
genome are alternatively polyadenylated (12). In addition, the utilization of alternative
polyadenylation as a regulator of gene expression is evolutionarily conserved in plants (25).
Therefore, an understanding of the mechanisms that control alternative polyadenylation has
become of great interest and importance over the past few years.

Classifications of alternative polyadenylation

We recently described three different types of polyadenylation and alternative
polyadenylation in higher eukaryotic mRNAs (26, see also Figure 1). In Type |
polyadenylation, only one polyadenylation signal is present in the 3' UTR, thus resulting in
only one mRNA isoform. In Type Il alternative polyadenylation, more than one
polyadenylation signal is present but are only present in a common terminal exon. In this
type of alternative polyadenylation, more than one resulting mRNA is produced, but with no
effect on the encoded protein; however, due to possible alteration of mMRNA stability/
translatability/other downstream effects (Figure 2), there may be changes to the amount of
protein produced if alternative polyadenylation signals are chosen. Type Il alternative
polyadenylation involves alternative polyadenylation signals that are present in upstream
introns or exons, thus invoking alternative splicing along with alternative polyadenylation.
We have further defined here Type 111 polyadenylation as Type Illi (intronic alternative
polyadenylation signal) or Type Ille (exonic alternative polyadenylation signal). These types
of alternative polyadenylation may or may not result in different protein products being
produced, depending on the stability of the mRNA, the presence of an in-frame stop codon,
and the overall translation competence of the mRNA. In this review, we will examine how
alternative polyadenylation can modulate or regulate gene expression under various
biological circumstances, or be regulated itself.

Alternative polyadenylation during different cellular states or programs

In the past few years, exciting results have further highlighted the crucial role of alternative
polyadenylation in the control of global physiological events such as proliferation,
differentiation, transformation and development programs. All these biological processes are
dependent on the accurate regulation of a number of genes in a very precise temporal
manner, which will enable the cells to develop properly. This is particularly important in
Type Il alternative polyadenylation (26), where different transcript isoforms originated by

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2012 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lutz and Moreira

Page 3

alternative polyadenylation signal usage will give rise to different proteins with diverse
functions in the cell. However, no less important is the global change observed in Type Il
alternative polyadenylation during these physiological events, which has been adequately
illustrated by several recent global analyses.

It has been long established that differences in 3'UTRs can confer different stabilities and/or
translation competencies to the corresponding mRNAs. Obviously, longer 3'UTRs contain
typically more cis regulatory elements in the pre-mRNA than short 3'UTRs, and these cis
elements may be targets of RNA binding proteins involved in mRNA stability, localization
and translation (Figure 2). In addition, 3'UTRs are the most common location in mMRNAs for
microRNA (miRNA) binding sites to be found; such miRNASs are known to regulate mMRNA
expression through inhibiting mRNA translation or by mMRNA cleavage and subsequent
degradation. The number of miRNA binding sites, as well as the AU-rich content, is
predominantly higher in longer 3'UTRs (27729). Consequently, the differential utilization of
one or the other polyadenylation signal implies that these RNA sequence elements will be
differentially used, affecting the fate of the transcript produced and ultimately modulating
the expression of the gene.

In transcriptome-wide studies, alternative polyadenylation leading to 3'UTR shortening has
been shown to occur during development of spermatocytes (30), in proliferating T cells (29)
and in some cancer cell lines (31). Conversely, mRNA 3'UTR lengthening due to alternative
polyadenylation has been also identified in ovulated oocytes and zygotes (32), developing
mouse embryos (27) and in neurological tissues (33). Additionally, in the generation of
pluripotent stem cells from different cell types, the length of the 3'UTR is modified by
alternative polyadenylation (34).

For over 30 years it has been known that T lymphocyte activation leads to increases in RNA
polyadenylation and protein synthesis, even though the transcription rate remains unchanged
(35736). Only recently, however, it was described that upon T cell activation there is an
increase in proximal poly(A) signal usage, thereby leading to shorter 3’'UTRs (29). These
conclusions were drawn from a genome-wide study using murine T lymphocytes, while
more restricted earlier work had already shown that alternative polyadenylation is regulated
in some genes in T cells (37 38). In the Sandberg et al. work, the authors performed a
global analysis of alternative polyadenylation using CD4" T lymphocytes isolated from
mice, and activated the lymphocytes with antibodies triggering the TCR/CD3 complex (29).
Using RNA prepared from resting and activated T cells they hybridized a microarray and
strikingly, 86% of changes in genes with tandem 3'UTRs were congruent with the trend of
decrease of the 3'UTR length. Surprisingly, those genes undergoing 3’ exon switching did
not show the same effect of 3'UTR shortening upon T cell activation, suggesting that the
regulation of this particular mechanism of alternative polyadenylation is splicing-
independent. The variation in alternative polyadenylation could not be detected upon 6 hours
of activation, but was evident after 48 hours post activation. This suggests that signal-
induced alternative poly(A) signal selection is not an immediate event, presumably because
it is necessary to transcribe and/or modulate basal and/or auxiliary polyadenylation/cleavage
factors. These observations lead to the still unanswered question on how the signals at the
membrane surface are transduced to the cleavage/polyadenylation machinery.

Interestingly, the length of the 3'UTRs is consistently shorter in proliferating cell lines than
those shown in primary animal tissue, leading to the hypothesis of alternative
polyadenylation being correlated with proliferation (29). To understand the impact of 3'UTR
shortening in protein expression, different 3'UTRs were fused to a luciferase reporter gene
and then luciferase activity was assessed. The results showed that longer 3'UTR conferred a
decrease in protein translation. This would indicate that negative post-transcriptional
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regulators exist downstream of the proximal poly(A) signal. These signals, therefore, only
exist in and can only act on the longer isoform that relies on the distal site. This was proven
to be correct for Hip2, Huntingtin Interacting Protein 2, a predicted ubiquitin ligase,
involved in polyglutamine diseases. A double mutation in miR-21 and miR-155 seed
matches (a perfect Watson—Crick match between miRNA and target at miRNA positions 2—
7 or 8) contained in the longer 3'UTR restored luciferase expression to the levels obtained
with the shorter transcript. This study revealed for the first time that the global mechanism
of alternative polyadenylation may be part of a genetic program that can be correlated with
the state of cell proliferation, where usage of a proximal poly(A) signal in the 3'UTR may
enable the genes to avoid repression induced by miRNAs that target the longer 3'UTR.

Following the finding that alternative polyadenylation is correlated with cellular
proliferation and differentiation, it was not surprising that a link was established between
alternative polyadenylation and miRNA-mediated repression in cancer cell lines (31). It had
been previously reported that oncogenes, for example HMGAZ2, could be activated via the
loss of their miRNAs target sites (39: 40). Additionally, in mantle cell lymphomas, the
length of the Cyclin D1 3'UTR was shortened due to mutations that created premature
poly(A) signals, leading to an increase in mMRNA stability (41). Mayr and Bartel analyzed by
Northern blotting the expression of 23 genes containing more than one poly(A) signal in the
3'UTR, comparing cancer cell lines and normal tissues, and they found that most of these
genes expressed their shorter isoform in cancer cell lines, due to the utilization of the most
proximal poly(A) signal. By comparison with the data produced by Sandberg et al., the
authors concluded that cancer cell lines were more prone to produce the shorter 3UTR
isoforms, and importantly, that this effect was linked to the transformation potential of those
cells (31). Furthermore, using a luciferase reporter gene fused to the IMP-1 3'UTRs, a
shortening of the UTR was shown to result in the loss of miRNA target sites and an increase
in protein production. Importantly, a shorter isoform of IMP-1 promoted oncogenic
transformation. This work has important implications for the understanding of cancer as it
demonstrates that one of the mechanisms of oncogenic transformation is the loss of miRNA
sites in the mMRNAs of oncogenes. These genes can escape miRNA-mediated repression
through 3'UTR shortening due to the pattern of alternative polyadenylation that occurs in
cancer cells.

It is worthy to note that loss of miRNA regulation in cancer cell lines accounts for only a
quarter to two-thirds of the increase in protein expression levels observed with short 3'UTRs
(31). Thus, for the majority of the cell lines there are other regulatory events that must be
taken into account. These may be due to the presence of RNA binding proteins, for example,
a hypothesis that has not yet been explored. Nevertheless, these findings imply that
alternative polyadenylation is a prevalent mechanism in oncogenic transformation and also
in physiological T cell proliferation, and may as well be part of a global gene expression
program. This concept has been extended to primary tumor samples from a mouse leukemia/
lymphoma model (42). It is remarkable that in these tumors, alternative polyadenylation
seems to define molecular signatures that can distinguish similar tumor subtypes with more
than 70% of accuracy. In addition, certain polyadenylation factors such as CstF-77 were
found to be upregulated in the mouse lymphomas (42). These results anticipate the future
usage of different groups of genes as biomarkers with diagnostic potential.

All these studies have brought to the spotlight the importance of alternative polyadenylation
in modulating gene expression in different physiological conditions. Although some general
conclusions can be drawn from these studies, a specific pattern of poly(A) signal usage in
the 3'UTR depending on the cellular state should not be definitively established, as
alternative polyadenylation is a complex mechanism and depends on a variety of factors.
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Given the current interest in alternative polyadenylation as a regulatory mechanism in
development and disease, many details will be elucidated in the near future.

Alternative polyadenylation and coordination with other RNA processing

events

Although polyadenylation and other mRNA processing events were originally thought of as
distinct and separate events, it has more recently been appreciated that all RNA processing
events are intertwined and inter-connected (reviewed in 8 10711). These events include
interactions between polyadenylation and splicing, transcription, transcription termination,
translation, export, and stability (43: 9' 11). The protein and RNA factors involved in many
of these interconnected processes are also now known to be involved in regulating
alternative splicing and alternative polyadenylation (21' 44°46). Using high throughput
sequencing of RNA isolated by crosslinking-immunoprecipitation (HITS-CLIP) analysis,
Darnell and co-workers found such an example in a global study aiming at identifying
targets for NOVA, a well-characterized splicing factor. These studies revealed that NOVA
could also regulate alternative polyadenylation in the brain (47). Like other auxiliary factors,
NOVA can inhibit or activate the usage of poly(A) signals depending on its position in
relation to the poly(A) signals; near the poly(A) signal, NOVA seems to inhibit
polyadenylation, but when located further away from poly(A) signals it seems to perform a
role more in concert with its splicing-promoting nature (47). Moreover, in 9 of 12 genes
analyzed containing alternative poly(A) signals in their 3'UTRs, NOVA induced production
of mMRNAs with longer 3'UTRs by distal poly(A) signal choice (47). As these are areas of
active investigation, more interconnections and cross-regulations will likely be revealed in
the future.

The impact of genome-wide methodologies on deciphering alternative
polyadenylation

The explosion of methodologies that can examine the entire transcriptome of an organism or
cell has changed much about how we view and interpret data with regard to alternatively
polyadenylated transcripts. Researchers now can use deep sequencing, microarrays, serial
analysis of gene expression (SAGE) data, Ref-Seq, RNA-Seq, and chromatin
immunoprecipitation (ChlP)-Seq, all combined with ever-evolving powerful bioinformatic
algorithms, in order to explore all the transcripts produced in a particular cell, even those
that are relatively rare. These global methodologies will undoubtedly continue to evolve and
change as they reveal a level of detail that is unprecedented.

With a view to produce a systematic and detailed analysis of alternative polyadenylation-
mediated regulation during development, Ji et al. (27) combined SAGE data generated for
all stages of mouse developments, with mouse EST and microarray data, to show that before
the 8! embryonic day (E8.0) 3'UTRs lengthen rapidly. From this stage and until birth this
lengthening continues, although at a slower rate. Finally, after birth and during postnatal
development no global changes in 3'UTR can be identified (27). The combination of SAGE
and microarray data further allowed the authors to determine that 3’UTR lengthening is
associated with an up-regulation in genes involved in morphogenesis and differentiation,
and a down-regulation of genes involved in cell proliferation. To experimentally validate
their in silico data, the authors used C2C12, a myoblast cell line that can be differentiated
into myotubes, and reporter genes, to compare the efficiency of polyadenylation signals in
conditions of cell growth and cell differentiation. In myotubes, the efficiency of certain
polyadenylation signals was weaker, implying that the effectiveness of the mechanism is
diminished, most probably due to low concentrations of some basal cleavage and/or
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polyadenylation factors. Not surprisingly, the levels of expression of genes coding for
proteins of the pre-mRNA 3’ end processing machinery were, in general, lower than other
genes during C2C12 differentiation, in particular those coding for the polypeptide
components of the cleavage stimulation factor (CstF;27). Notably, this result is in agreement
with very early studies on alternative polyadenylation performed more than a decade ago. In
what is now considered a hallmark in the study of the significance of alternative
polyadenylation in biological processes, Manley and colleagues showed that plasma B cells
have lower levels of CstF-64 than that found in pre-B cells, thus affecting the utilization of
alternative poly(A) signals in the immunoglobulin genes (48).

While new methods of genome wide transcript measurement such as deep sequencing
(ChlP-Seq and RNA-Seq) are becoming widely available, microarray expression analyses
are still informative. However, when analyzing microarray expression data, consideration
needs to be taken that differences in expression of longer versus shorter 3'UTRs may not be
due solely to differences in alternative polyadenylation, but also to differences in transcript
stability. The method of cDNA priming to generate the microarrays is of the utmost
importance, as those that use random primers will not discriminate between transcripts
containing or not the poly(A) tails. Recently, the new rmodel algorithm was developed to
analyze microarrays from the transcriptionally silent period of mouse oocyte development
(49). Of notice, this new method enables the researchers to distinguish between transcripts
that are alternatively polyadenylated from those that have different stabilities using
microarray data. Hence, Graber and collaborators have found three classes of transcript
changes in oocytes between the germinal vesicle (GV) and metaphase Il (MII) transition:
complete degradation, deadenylation and cleavage producing stable 5’ fragments (49). Thus
alternative polyadenylation signals may contribute to different needs in the egg.

Examination of the transcriptome in a variety of human and mouse tissues using RNA-Seq
methods and comparing commonly expressed genes active in every tissue revealed that there
are an abundance of such common or “core” genes, making up the majority of the transcripts
produced (50). This work also revealed important insights into 3’ end processing of MRNAs
that were differentially expressed: mMRNAs that were especially expressed in brain had
unusually long 3" UTRs and longer 3" UTRs were correlated with expression of genes
involved in development, morphogenesis and signal transduction. These correlations speak
to added complexity of 3’ end formation coupled with regulation of other cellular events.

Alternative polyadenylation in Drosophila

Studies of alternative polyadenylation in Drosophila melanogaster have enjoyed a long
history of revealing interesting findings. The Drosophila melanogaster gene polo codes for a
highly conserved serine/threonine protein kinase that has a key role in several functions
during cell division. Transcription of polo generates two mRNA isoforms that differ in their
3'UTRs due to the alternative usage of two poly (A) signals (51). Interestingly, utilization of
the proximal poly(A) signal is dependent on RNA elements localized upstream of the
proximal poly(A) signal. These elements are necessary for the assembly of a protein
complex containing PTB (polypyrimidine tract binding protein), CstF-64, and hnRNPC (52).
Thus, this work suggests that cis-acting regulatory elements and trans-acting protein factors
involved in human polyadenylation are also conserved in Drosophila.

The homologue of the human CstF-77 in Drosophila is called suppressor of forked (su(f))
(53°54), a gene that generates three mRNA isoforms by alternative polyadenylation (53).
While the two longer transcripts are produced by the use of two poly(A) signals present in
the 3'UTR, utilization of a poly(A) signal present in intron 4 results in the synthesis of a
truncated transcript that is likely to be degraded by cellular surveillance (55). As the
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synthesis of this transcript is dependent on Su(f) activity (56) it was suggested that this
protein, as part of the Drosophila CstF complex, may regulate its own levels in non-
proliferating tissues by favoring the use of the intronic polyadenylation site (57).
Interestingly, although there is no extensive sequence similarity between su(f) and hCstF-77,
there is a strong conservation of the autoregulatory mechanism originated by alternative
polyadenylation that operates in their expression. The human su(f) homologue CstF-77
transcription unit also produces three mMRNAs due to alternative polyadenylation; two of
these transcripts differ only in the 3'UTR as a result of two poly(A) signals and the smaller
MRNA is synthesized by usage of a poly(A) site present in intron 3 (58759). Levels of the
smaller transcript are 5-fold higher in mouse B cells compared to the mitotically active
plasma cells (59), which is in agreement with the observations of accumulation of Su(f) in
mitotic tissues in Drosophila melanogaster (56). Finally, the S. cerevisiae homologue of
CstF-77 (Rna 14) also has preserved the upstream alternative polyadenylation in its mRNA,
but not the genomic exon-intron structure (ref).

The Drosophila gene enhancer of rudimentary, e(r), is an example of sex-specific alternative
polyadenylation. It uses two poly(A) signals in the 3'UTR: a proximal non-canonical
poly(A) signal, UAUAAA, and the distal canonical poly(A) signal AAUAAA (60).
Interestingly, the use of each poly(A) signal is sex-specific (60761). While the smaller
MRNA, resulting from the use of the proximal polyadenylation signal, is expressed in both
male and female adults, the longer MRNA is specifically expressed in adult females (e(r)-
fs). Analysis of e(r)-fs mMRNA shows that its expression is controlled by three GU-rich
elements present downstream the proximal poly(A) signal and RNA-binding assays showed
that the female-specific sex-lethal protein (SxI) competes with CstF to bind to these
elements (61). As a result, in the female germline the binding of CstF is blocked, preventing
proximal poly(A) signal utilization and allowing the use of the distal poly(A) signal and
synthesis of the e(r)-fs MRNA. As males do not express Sxl, CstF can bind to the GU-rich
elements and therefore the proximal poly(A) signal is used, and the smaller non-sex specific
e(r) mRNA synthesized (61). Analysis of the expression of the e(r)-fs mMRNA in isolated
ovaries shows that this transcript is less efficiently translated, suggesting that the 3'UTR
present in this transcript is important to repress translation of the e(r)-fs mRNA in the
female germline (61). Therefore, alternative polyadenylation of the e(r) represents a
mechanism through which regulation of translation can be achieved in a sex-specific
manner.

Alternative polyadenylation and effects of chromatin architecture and

imprinting

Epigenetic modifications of DNA structure have recently been implicated as having multiple
impacts on RNA transcription and processing. Wood and co-workers (62) identified that
alternative polyadenylation at three of five possible alternative sites in the imprinted mouse
gene H13 are influenced by methylation, primarily at CpG islands not close to the
polyadenylation signals (62). This is thought to occur because of three possible mechanisms:
A) methylation-sensitive formation of transcription initiation complexes, B) methylation
prevents binding of polyadenylation factors and brings about promoter occlusion, or C) both
A and B. This novel mechanism of imprinted gene regulation is still not well understood but
is under investigation.

Nucleosome composition has also been implicated as a factor in alternative polyadenylation.
It was found that in genes with multiple alternative polyadenylation signals, a higher
downstream nucleosome affinity was associated with higher polyadenylation signal usage,
independently of known motifs that function at the RNA level (63). In addition, the
Weissman lab used genomic tiling arrays to examine a fraction of the human genome
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representing MRNA 3’ ends, and, in addition to discovering that more 3’ mRNA ends exist
than have previously been annotated, that there is a correlation between histone
modifications at or near the sites of polyadenylation (64). They discovered that lysine 36
methylation is substantially decreased at or near polyadenylation signals. The involvement
of chromatin structure in this regulatory framework adds yet another level of complexity to
the regulation of gene expression.

Conclusions

Several of the most pertinent questions still to be fully answered are how the cell chooses
one polyadenylation signal instead of another and how is this selection regulated? The
molecular mechanisms that lead to the usage of a proximal poly(A) signal in detriment of a
more distal one are still poorly understood. However, it has been known for more than a
decade that the efficiency of polyadenylation can be regulated by either cis or trans acting
factors. Variations in the tight regulation of the concentration of these protein factors in the
cell may define major changes in the cellular behavior. Alterations of the levels of the basal
factor CstF leads to the preferential recognition of weaker polyadenylation signals in B cells
(26' 48 65766). Interestingly, several cleavage and polyadenylation factors, including
CPSF1 and CstF2 are up-regulated in cancer cells (31). Moreover, during spermatogenesis,
several cleavage and polyadenylation factors vary during the different developmental stages
(30! 67). It remains to be addressed whether these alterations are sufficient to regulate the
alternative polyadenylation switch observed in cancer cells and during development.

Not only do changes in the expression of basal cleavage and polyadenylation factors play a
role in polyadenylation site switching decisions but auxiliary proteins may be involved.
Indeed, the levels of auxiliary protein factors have been shown to be crucial determinants in
polyadenylation efficiency and in establishing the pattern of alternative polyadenylation, as
in the case of MeCP2 (46), COX-2 (20721) and pro-thrombin genes (44).

The roles of different alternative splicing-generated isoforms of cleavage/polyadenylation
factors, as well the significance of post-translational modifications of these factors, are still
largely unexplored. It was recently shown that alternative splicing generates multiple
different isoforms of the basal factor CstF-64, that are expressed specifically in the nervous
system, suggesting a specific role in this tissue (68). Also, several alternative
polyadenylation variants of HUR mRNAs with different stabilities were recently described,
and moreover, it was shown that HuR could regulate its own expression (69). Interestingly,
HuR is involved in the stabilization of ARE-containing mRNAs (70) and also in
polyadenylation (71). Thus, modulation of HUR alternative polyadenylation may potentially
control the stabilization and/or polyadenylation efficiency of several RNAs.

Therefore, we conclude that alternative polyadenylation is a particularly complex
mechanism: it involves A) basal factors necessary for the process of cleavage and
polyadenylation of all pre-mRNAs, B) auxiliary cis and trans-acting factors, that working in
cooperation with factors from the transcription and splicing machinery, modulate the usage
of some but not all polyadenylation signals, C) gene-, or development-, or disease-specific
factors, and also D) chromatin modifications that appear to modulate alternative
polyadenylation by altering the kinetics of the RNA polymerase Il or accessibility to the
polyadenylation signals, for example (see Figures 2 and 3). The combinatorial expression of
all these in a particular cell at a particular moment will likely determine the output of
alternative polyadenylation, and provide a rich ground for many possible levels of gene
expression regulation.
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Figure 1.

Schematic of polyadenylation events. Light blue boxes, untranslated regions; darker blue
boxes, coding regions; lines, introns. MRNAS with Type | polyadenylation only have one
polyadenylation signal in the 3" most exon. mRNAs with Type Il polyadenylation have more
than one polyadenylation signal in the 3" most exon. Type Il polyadenylation is alternative
splicing coupled with alternative polyadenylation; Type Illi signals have one or more
polyadenylation signals in upstream introns; Type Ille signals have one or more
polyadenylation signals in upstream exons.
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Many RNA cis-acting elements present in the 3’ UTR can affect polyadenylation as well as
other RNA processing or RNA mediated events, and these effects are intertwined.
Regulation of gene expression by the 3'UTR depends on the presence of the cis-acting
regulatory element and may influence nuclear and cytoplasmic polyadenylation (pA signal
and cytoplamic polyadenylation glement - CPE), the stability of the mRNA produced (for
example by AU elements), the subcellular localization of the mRNA, and translation or
mRNA decay. Additionally, the presence of microRNA target sites in the 3'UTR may
influence gene expression. The presence of the trans-acting factors that bind to these
elements or the microRNA that target the mRNA in the cell or tissue, at a particular stage
and at the correct concentration, is essential for regulation to occur. Alternative
polyadenylation in the 3'UTR generates different mRNA isoforms containing different cis-
acting elements. Adapted from Conne et al., 2000 (with permission of the authors).
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Figure 3.
Alternative polyadenylation of mMRNA, as shown in the center of the figure, can affect many
other cellular or organismal events. See text for details.
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