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Alternative polyadenylation (APA) is emerging as a widespread mechanism used to control gene expression.
Like alternative splicing, usage of alternative poly(A) sites allows a single gene to encode multiple mRNA tran-
scripts. In some cases, this changes the mRNA coding potential; in other cases, the code remains unchanged
but the 3 UTR length is altered, influencing the fate of mRNAs in several ways, for example, by altering the
availability of RNA binding protein sites and microRNA binding sites. The mechanisms governing both global
and gene-specific APA are only starting to be deciphered. Here we review what is known about these mech-
anisms and the functional consequences of alternative polyadenylation.

Introduction

Regulation of mMRNA processing is well known to play a funda-
mental role in determining the outcome of gene expression,
but alternative polyadenylation (APA) has only recently gained
attention as a major player influencing the dynamics of gene
regulation. The maturation of 3’ ends of mMRNA precursors (pre-
mRNAs), although a relatively simple process, has been known
for some time to require a complex set of protein factors. One
explanation for this has been that the complexity reflects the
importance of regulating 3’ end formation. It is well established
that polyadenylation can contribute in several ways to gene
control (Colgan and Manley, 1997; Barabino and Keller, 1999);
however, in the past few years it has become clear that regula-
tion of APA is considerably more widespread than previously
thought and can affect gene expression in multiple ways. In
this review, we discuss both the mechanisms and the conse-
quences of APA and how regulated mRNA 3’ processing contrib-
utes to cell growth control and disease. We begin by providing
some background and a brief overview of 3’ processing and its
regulation.

The mature 3’ ends of nearly all eukaryotic mRNAs, with the
exception of replication-dependent histone transcripts, are
created by a two-step reaction that involves an endonucleolytic
cleavage of the pre-mRNA, followed by synthesis of a polyadeny-
late tail onto the upstream cleavage product. This relatively
simple reaction requires numerous protein factors that are
directed to the correct cleavage site by sequence elements
within the pre-mRNA (reviewed in Colgan and Manley, 1997;
Mandel et al., 2008; Millevoi and Vagner, 2010; Zhao et al.,
1999). The core molecular machinery responsible for 3’ end
formation in mammals includes four multisubunit protein
complexes, CPSF (cleavage and polyadenylation specificity
factor), CstF (cleavage stimulation factor), CFI and CFll
(cleavage factors | and Il), as well as additional accessory factors
and the single subunit poly(A) polymerase (PAP). RNA poly-
merase Il (RNAP lI), and specifically the C-terminal domain of
its largest subunit, also plays an important role in processing.
The assembly of the 3’ end processing complex on the pre-

mRNA begins with the cooperative interaction of CPSF and
CstF with specific sequences; the canonical poly(A) signal
AAUAAA located upstream of the cleavage site, recognized by
CPSF (specifically by the CPSF160 subunit); and a less defined
downstream U/GU-rich region that constitutes the binding site
for CstF (through the CstF64 subunit). Usage of one poly(A)
site over another is often attributed to the relative “strength” of
these core elements, but in fact auxiliary sequences and protein
factors play a role in influencing poly(A) site choice in different
contexts. Indeed, today we know that many more proteins
than previously thought are involved in the fine-tuning of 3’ end
formation (Shi et al., 2009), and a good number of these likely
mediate crosstalk between pre-mRNA maturation and other
nuclear events.

Polyadenylation influences many aspects of mRNA metabo-
lism. Transcription termination by RNAP II, mRNA stability,
mRNA export to the cytoplasm, and the efficiency of translation
are all dependent on 3’ processing. These topics have all been
reviewed recently and won’t be discussed here (Ji et al., 2011;
Richard and Manley, 2009; Vinciguerra and Stutz, 2004; Zhang
et al,, 2010).

In recent years it has become increasingly evident that APA is
extensively used to regulate gene expression. For example, 50%
or more of human genes encode multiple transcripts derived
from APA (Tian et al., 2005). We will consider here two general
classes of APA. In some cases the alternative poly(A) sites are
located in internal introns/exons, and therefore APA events will
produce different protein isoforms; we will refer to this type as
CR-APA (coding region-APA). In other cases, APA sites are all
located in the 3’ untranslated region (3" UTR), resulting in tran-
scripts with 3’ UTRs of different length but encoding the same
protein; we refer to this type of APA as UTR-APA (Figure 1).

While CR-APA can affect gene expression qualitatively by
producing distinct protein isoforms, UTR-APA has the potential
to affect expression quantitatively. 3" UTRs often harbor micro-
RNA (miRNA) binding sites and/or other regulatory sequences,
such as AU-rich elements (AREs) (Barreau et al., 2005; Fabian
et al., 2010). Longer 3' UTRs will more likely possess such
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signals, or more of them, and the mRNA will therefore likely be
more prone to negative regulation. Indeed, the amount of protein
generated by an mRNA has been shown to depend on its 3' UTR
length, such that transcripts with shorter 3’ UTRs produce higher
levels of protein (Mayr and Bartel, 2009; Sandberg et al., 2008).
Furthermore, as discussed below, the length of the 3’ UTR can
affect not only the stability but also the localization, transport,
and translational properties of the mRNA.

Differential processing at multiple poly(A) sites can be influ-
enced by physiological conditions such as cell growth, differen-
tiation, and development or by pathological events such as
cancer. The mechanisms that regulate such global events are
mostly unknown, and intense research is currently being carried
out in order to better understand this phenomenon at the molec-
ular level. In this review, we will provide an overview of current
studies on APA, both on genome-wide analyses and specific
examples, focusing on the possible mechanisms of regulation
and the functional consequences of differential poly(A) site
usage.

Genome-wide Analyses of APA

Analyses of APA at the global level have been largely responsible
for the appreciation that APA constitutes a significant contributor
to gene regulation across species. Genome-wide studies carried
out in humans, mice, worms, yeast, plants, and algae revealed
that the number of genes encoding transcripts with multiple
poly(A) sites ranges from 10% to 15% in S. cerevisiae (Naga-
lakshmi et al., 2008) to ~54% in humans (Tian et al., 2005).
Significantly, orthologous human and mouse genes were found
to have a high similarity in the numbers of 3’ ends mapped for
each gene (Ara et al., 2006; Tian et al., 2005), indicating that
APA sites have been actively selected during evolution. Interest-
ingly, however, as shown by a genome-wide bioinformatic anal-
ysis, the majorities of tissue-specific and noncanonical poly(A)
sites seem to be species specific and are not themselves
conserved (Ara et al., 2006). This suggests that gain or loss of
APA sites is a frequent event in mammalian genomes, implying
that very often novel sites would be quickly lost if their presence
is either neutral or deleterious.

Through genome-wide analysis of APA, it has been possible to
define a pattern that relates the proliferation and differentiation
status of cells with the length of 3' UTRs (Figure 2). Specifically,
states of increased proliferation, dedifferentiation, and disease
(i.e., cancer) are associated with a general shortening in 3' UTR
length, while 3" UTRs tend to be longer during late develop-
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Figure 1. Schematic Representation of CR-APA
and UTR-APA

CR-APA produces mRNA isoforms with distinct C-terminal
coding regions, resulting in distinct protein isoforms. UTR-
APA produces distinct mRNA isoforms with different-
length 3" UTRs but encodes the same protein. Longer 3’
UTRs usually contain cis-regulatory elements, such as
miRNA and/or protein binding sites, which often bring
about mRNA instability or translational repression.
CR-APA, coding region-alternative polyadenylation;
UTR-APA, 3’ UTR-alternative polyadenylation. Light green
boxes, untranslated regions; light blue boxes, shared
coding regions; dark blue and yellow boxes, unshared
coding regions; lines, introns.

mental stages and cell differentiation (Ji et al., 2009; Ji and
Tian, 2009; Mayr and Bartel, 2009; Sandberg et al., 2008; She-
pard et al., 2011; Wang et al., 2008a). In C. elegans, the length
of the 3’ UTRs correlates inversely with animal age (Mangone
et al., 2010). Interestingly, a considerable number of miRNAs
diminish in expression over adult life in C. elegans (Ibanez-
Ventoso and Driscoll, 2009), suggesting that a relaxation in
miRNA-3' UTR control of mRNA stability/translation might be
a general feature of advancing adult life.

Given the fact that different types of APA exist, it is interesting
to note that CR-APA and UTR-APA can be differently regulated.
During T cell activation, for example, CR-APA events occur at
both early and late stages of activation (Sandberg et al., 2008).
Moreover, proximal-to-distal and distal-to-proximal shifts in
APA were similarly represented, whereas changes in UTR-APA
were mostly evident during late stages of activation with a clear
pattern of increased usage of the proximal site. This suggests
that the regulation of different types of APA (CR-APA versus
UTR-APA) may rely at least in part on different mechanisms.
For example, CR-APA often occurs in conjunction with splicing
of an overlapping intron, and it is thus possible that splicing
regulation may also affect APA. Also, the observation that
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Figure 2. Connecting APA to Cellular Proliferative and
Developmental States

Enhanced proliferation such as during dedifferentiation (e.g., in the generation
of iPS cells), T cell activation, or cellular transformation are associated with
upregulation in expression of certain 3’ processing factors and with increased
usage of proximal poly(A) sites. Late developmental stages and cellular
differentiation (e.g., differentiation of C2C12 into myotubes) are associated
with downregulation of expression of 3’ processing factors and increased
usage of distal poly(A) sites.
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changes in UTR-APA is not an early event during T cell activation
suggests that it is perhaps necessary to enhance the expression
or activity of basal or auxiliary 3’ processing factors, which then
function at later times. A consequence of the differential
temporal behavior of CR-APA versus UTR-APA in T cell activa-
tion is that during early activation, there will be more APA events
affecting the protein isoform produced, while during later stages,
APA will lead to transcripts that differ in the length of their 3’ UTR,
and therefore the main effect will be changes in the abundance of
the proteins produced.

To understand how 3’ UTR lengthening is related to regulation
of biological processes, the association of selected genes with
gene ontology (GO) terms was examined during different devel-
opmental/differentiation states. 3’ UTR lengthening during
mouse embryonic development coincides with upregulation of
genes involved in morphogenesis and differentiation, such as
cell morphogenesis and extracellular structure organization,
and with downregulation of genes involved in proliferation,
such as DNA replication and cell-cycle phase (Ji et al., 2009).
The same pattern is detected during differentiation of prolifera-
tive C2C12 muscle cells into myotubes. In contrast, during
generation of human and mouse induced pluripotent stem
(iPS) cells, most of the same GO terms displayed regulation in
the opposite direction. It is of particular interest that 3’ process-
ing factors, such as CPSF and CstF components, were found to
be strongly upregulated during generation of iPS cells (Ji and
Tian, 2009). This may hint at a regulatory mechanism where
the abundance of 3’ processing factors in undifferentiated cells
(such as iPS) facilitates the usage of the proximal poly(A) site,
which usually has a “weaker” consensus than the distal site
(see below), thereby generating transcripts with shorter 3
UTRs. Since both early embryonic and iPS cells are rapidly prolif-
erating, a significant question is whether differentiation per se
affects APA in a system where proliferation and differentiation
could be uncoupled. For example, the leukemic cell line HL60
is capable of differentiating into neutrophils or monocytes (in
response to different stimuli) even when the cell cycle is blocked
in early G1 or S phase, indicating that differentiation and prolifer-
ation can be regulated independently (Brown et al., 2002). It
would be of interest to compare changes in usage of APA sites
before and after differentiation, independently from alterations
in the proliferation rate.

Cancer cells provide an important subset of proliferating cells.
Inthis regard, itis remarkable that in primary tumor samples from
a mouse leukemia/lymphoma model (Singh et al., 2009), APA
seems to define molecular signatures that can distinguish similar
tumor subtypes with high accuracy. Mice lacking p53 and the
core NHEJ factor DNA ligase IV develop pro-B cell lymphomas
with frequent genomic amplification of c-Myc (designated
LPC), while mice lacking p53 and the accessory NHEJ factor
Artemis develop lymphomas with either c-Myc or N-Myc ampli-
fication (APC or APN, respectively). While LPC, APC, and APN
lymphomas are histologically and immunophenotypically indis-
tinguishable, using microarray analysis, specific sets of tran-
scripts with differential 3 UTR processing were identified
between these lymphoma subtypes. The diagnostic capacity
of these assignments was confirmed by analysis of unknown
samples, which were correctly assigned at rates of 100% for

LPC, 92% for APC, and 74% for APN. These results anticipate
the possibility of future usage of APA as a molecular biomarker
with prognostic potential. In accordance with previous findings
(Mayr and Bartel, 2009), shortening of 3’ UTRs in the cancer cells
compared to normal (pro-B) cells was the most common pattern
observed, although some transcripts with elongated 3’ UTRs
were also detected. In addition, levels of a number of MRNAs en-
coding 3’ processing factors, notably those encoding CstF
subunits, were upregulated in the lymphomas. These data
support a model in which changes in expression and/or stoichi-
ometry of 3’ processing factors lead to changes in poly(A) site
selection, for instance, enhanced expression of these factors
might help increase utilization of suboptimal proximal poly(A)
signals and thereby contribute to the tumor-specific shortening
of 3’ UTRs (see below for further discussion of this hypothesis).

Bioinformatic approaches and genomic studies have also
been used to shed light on the link between differential usage
of APA sites in relation to tissue specificity (Wang et al., 2008a;
Zhang et al., 2005). Using expressed sequence tag data, 42
distinct human tissue types were analyzed, revealing consider-
able tissue-specific APA. For example, retina, placenta, blood,
and ovary were more likely to use proximal poly(A) sites, while
tissues from bone marrow, uterus, brain, and nervous system
showed increased usage of the distal poly(A) sites. These
tissue-specific preferences are observed on a global rather
than gene-specific level, indicating that the mechanism may lie
in tissue-specific regulation or expression of polyadenylation
factors. It will be of interest to compare the proliferation potential
of these two groups of tissues and access whether it correlates
with the usage of the proximal/distal poly(A) sites. For example,
brain tissues are known to have low mitotic activity, suggesting
that decreased proliferation is associated with tissues harboring
transcripts with longer 3’ UTRs.

Another important role of large-scale studies is the contribu-
tion they have made to our understanding of the role that cis
sequences play in APA. Computational analyses have indicated
that variations of the canonical AAUAAA sequence are relatively
frequent, occurring in more than 30% of 3’ ends (Tian et al.,
2005). Interestingly, while the canonical sequence predominates
in genes with a unique poly(A) site, the less-conserved, variant
poly(A) sites occur frequently in genes with multiple poly(A) sites.
In these cases, the variant sites are usually located promoter
proximal, whereas canonical poly(A) signal often appears down-
stream of variant sites (Beaudoing et al., 2000). This suggests
that the efficient utilization of the proximal alternative poly(A)
signals is likely dependent on additional auxiliary factors,
different abundance of core 3’ processing factors, and/or auxil-
iary surrounding RNA sequences. Indeed, genome-wide anal-
yses recently identified conserved motifs, mostly around alterna-
tive poly(A) sites, that might help explain, at least in part, how the
choice between the usage of the different sites is made (Nunes
et al.,, 2010; Ozsolak et al., 2010). For example, a genome-
wide analysis of over 10,000 human poly(A) sites shows that
about one-third of noncanonical, proximal, poly(A) signals tend
to have higher frequency of U and GU nucleotides downstream
of the poly(A) site compared with canonical poly(A) signals,
implying that a strong CstF binding site might compensate for
the absence of a consensus hexanucleotide (Nunes et al.,
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Figure 3. Examples of Gene Regulation by APA

(A) The immunoglobulin heavy-chain M gene is partly shown; a constant region
(Cp4) is shared by both um and us mRNAs, while exons M1 and 2 (yellow
boxes) and S (red boxes) are specific to um and ps mRNAs, respectively. In
resting B cells, the amount of CstF is limiting, and the distal poly(A) site, which
binds CstF more avidly, is preferentially used, resulting in production of the
membrane-bound form of IgM (um). In activated B cells, the concentration of
CstF is elevated and no longer limiting, so the proximal, first transcribed poly(A)
site is preferentially selected, leading to production of secreted-form IgM (us).
Additional factors, such as the transcription factor Ell2 (see text), may also
contribute to the switch.

(B) Cyclin D1 is subject to both UTR-APA and CR-APA. Two major isoforms are
created by CR-APA: cyclin D1a (full-length isoform) and cyclin D1b (truncated
isoform). The truncated isoform is associated with a polymorphism at the end
of exon 4 (E4) (G870A, arrowhead), resulting in increased usage of the poly(A)
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2010). How these variations in core sequences, as well as other
signals, contribute to APA is discussed below.

Specific Examples of APA

There are now a growing number of examples of specific APA
events for which the function and/or mechanism is at least
reasonably well understood. In this section we discuss several
of these, highlighting those that play important roles in cell
growth and differentiation or disease. In the following sections,
we discuss in more detail the known mechanisms and functions
of APA.

Immunoglobulin M Heavy Chain

The immunoglobulin (Ig) M heavy-chain gene provided perhaps
the first example of APA, specifically of CR-APA, as a regulatory
mechanism (Alt et al., 1980; Early et al., 1980; Rogers et al., 1980;
reviewed in Peterson, 2007). During the transition of a B cell to
a plasma cell, the IgM protein switches from a membrane-bound
form to a secreted form. This switch is caused in large part by
the selection of one of two poly(A) sites. The secreted form
is produced by using a proximal poly(A) site, while the
membrane-bound form is produced from the spliced Cu4-M1
mRNA by using distal poly(A) site (Figure 3A). The switch from
membrane-bound to secreted form IgM in LPS-induced mouse
primary B cells was shown to be accompanied with a specific
increase of CstF64 protein levels (Takagaki et al., 1996). More-
over, overexpression of CstF64 in a B cell line was enough to
induce the switch from membrane-bound to secreted form by
preferentially using the proximal poly(A) site. In the same context,
conditional knockdown of CstF64 also showed a relative
enhancement of distal poly(A) site usage (Takagaki and Manley,
1998).

Subsequent investigations of IgM switching mechanisms re-
vealed that ELL2, a protein related to the transcription elongation
factor ELL, may also contribute to selection of the proximal
poly(A) site. Martincic et al. (2009) provided evidence that ELL2
and CstF64 track together with RNAP Il across the IgM gene.
Like CstF64, ELL2 levels were induced in LPS-activated B cells.
This may provide an additional mechanism to enhance CstF
levels at the proximal poly(A) site, increasing the efficiency with
which it is utilized.

Germ Cell-Specific APA

Mammalian testes have unique APA processing characteristics.
The canonical AAUAAA sequence is infrequent in testis-specific
mRNAs, which often use proximal poly(A) sites that are not

site located in intron 4 (I4). This isoform is retained in the nucleus and is
associated with increasing transforming capability. UTR-APA of Cyclin D1
leads to increased usage of the weak proximal poly(A) site in cancer cells
generally or in the usage of a newly mutational-derived proximal poly(A) site in
mantle cell lymphoma. In both, mMRNAs with shorter 3" UTRs are generated.
Light green boxes, untranslated regions; light blue boxes, shared coding
regions; lines, introns.

(C) Seasonal flowering control by antisense RNA transcript. FPA and FCA
promote selection of the proximal poly(A) site of an antisense transcript that
initiates downstream of the FLC gene (red arrows) by stimulating 3’ end
formation at that site. 3’ end processing at the proximal poly(A) site recruits the
histone demethylase, FLD, which induces histone modifications on internal
nucleosomes that result in silencing the sense FLC transcript (blue arrow). In
the absence of FPA and FCA, the distal poly(A) site of the antisense transcripts
is selected. This may facilitate the recruitment of positive transcription factors
to the FLC promoter, resulting in activation of FLC transcription.
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efficiently polyadenylated in somatic cells (Liu et al., 2007a; Mac-
Donald and Redondo, 2002; McMahon et al., 2006; Zhang et al.,
2005). A CstF64 variant (tCstF64) is highly expressed in male
germ cells compared to other tissues (Monarez et al., 2007),
and it may contribute to the different cleavage specificity
observed in germ cells. In agreement with this hypothesis,
knockout of Cstf2t, the gene encoding TCstF64, in mice resulted
in a spermatogenetic defect, but no significant influence on
somatic cells (Dass et al., 2007; Hockert et al., 2011). In addition,
microarray experiments showed that transcripts encoding a
number of core polyadenylation factors were significantly more
abundant in germ cells than somatic cells (Liu et al., 2007a).
Furthermore, during spermatogenesis, 7CstF64 levels were
found to increase, while those of CstF64 decreased (Liu et al.,
2007a). Germ cell-specific and stage-specific APA events may
thus be induced by altered expression levels of 3’ processing
factors, including TCstF64.

One interesting example of germ cell-specific APA is provided
by transcripts encoding a transcription factor, BZW1, which exist
as three mRNA isoforms created by UTR-APA. The two longer
isoforms are expressed ubiquitously at low levels, while the
shortest is expressed at high levels only in testis, especially
spermatogonia. Expression of EGFP-BZW1 fusion genes with
distinct BZW1 3’ UTRs showed that the shortest transcript had
the lowest translation efficiency, suggesting that BZW1 expres-
sion is fine-tuned through 3’ UTR length in a cell type-specific
manner (Yu et al., 2006). This result is contrary to the expectation
that shorter 3’ UTRs produce more protein than those with longer
3’ UTRs. In this case, low expression of the short isoform of
BZW1 may be due to its unusually short 3’ UTR, which is ~25
times shorter than the average (500 nt) 3’ UTR in testis germ cells
(Sood et al., 2006) and may negatively affect translational effi-
ciency (Tanguay and Gallie, 1996).

Disease-Related APA

Only a few studies have focused on the pathophysiology of
diseases related to APA (Chen et al., 2006). However, it is well es-
tablished that 3’ UTRs play an important role in various diseases
and their progression (Conne et al., 2000). We describe two
disease-related examples reflecting changes in APA caused
by mutated poly(A) signals; one is the equivalent of a loss-of-
function mutation and the other of a gain-of-function mutation.

IPEX (immune dysfunction, polyendocrinopathy, enteropathy,
X-linked), a disease characterized by dysfunction of regulatory
T cells and subsequent autoimmunity, is caused by mutations
in the FOXP3 gene, which encodes a transcription factor con-
taining a forkhead DNA binding domain. Most of the reported
mutations affect the forkhead domain, resulting in disruption of
DNA binding. However, a rare mutation lies within the poly(A)
signal (AAUAAA — AAUGAA). This mutation leads to skipping
of the first poly(A) signal and usage of the next signal, located
5.1 kb downstream. This appears to result in an unstable
mRNA, leading to a decrease of FOXP3 protein and in this way
leading to IPEX (Bennett et al., 2001).

The loss of controlled cell-cycle progression is a critical event
in tumorigenesis. Cyclin D1 regulates progression through G1-S
phase by its association with cyclin-dependent kinase 4 or 6
(Knudsen et al., 2006). Two major isoforms, cyclin D1a and b,
are created by alternative splicing/polyadenylation (CR-APA)

(Figure 3B). Cyclin D1a mRNA is full length, whereas cyclin
D1b mRNA is cleaved at an APA site within an intron. Cyclin
D1b protein is constitutively nuclear, resulting in increased
transforming capability (Lu et al., 2003; Solomon et al., 2003).
High expression of cyclin D1b is observed in several human
cancers, including breast and prostate cancer (Burd et al.,
2006; Wang et al., 2008b). A G870A polymorphism at the end
of exon 4 has been associated with production of the cyclin
D1b isoform (Comstock et al., 2009; Knudsen et al., 2006).
This polymorphism may cause impaired recognition by the
splicing machinery, resulting in APA using the intron 4 poly(A)
signal (Betticher et al., 1995).

Cyclin D1 levels can also be elevated by UTR-APA. Wiestner
et al. (2007) investigated cyclin D1 expression in positive mantle
cell lymphoma (MCL) patients. They found that patients who
have isoforms of cyclin D1a mRNA with short 3’ UTRs had
a median survival shorter than patients not expressing this iso-
form. Sequencing revealed that these short 3' UTR-containing
isoforms all contained mutated polyadenylation signals that
would be predicted to strengthen the poly(A) signal (e.g.,
AAUAAUCAA — AAUAAA, 3 base pair deletion; AAUAAU —
AAUAAAU, an A insertion). Since full-length cyclin D1a mRNA
contains mMRNA destabilizing elements, the truncated mRNAs
will be more stable. In the same context, Mayr and Bartel
(2009) showed that cancer cell lines preferentially expressed
shorter 3 UTR mRNAs of some oncogenes, including cyclin
D1, whose shorter 3’ UTR mRNA isoform was produced by
usage of a proximal poly(A) signal (AAGAAA) and not by muta-
tions that create a new proximal poly(A) signal, as in the case
of MCL. Although the mechanisms of generating cyclin D1 iso-
forms with shorter 3" UTRs are different in the two cases
described here, the final outcome, increased expression of
cyclin D1, is the same.

Mechanisms Regulating APA

As discussed above, variations in the levels or activity of core
polyadenylation factors can determine APA patterns. Another
mechanism for regulating APA involves gene/tissue-specific
RNA binding proteins. Interestingly, this is in many ways analo-
gous to the control of alternative splicing (Chen and Manley,
2009), and as with splicing, it is probably the combined effect
of multiple trans-acting factors that determines the probability
of using each poly(A) site (Figure 4A). Additionally, and again
analogous to splicing, regulation likely involves cis-acting
elements not only on the nascent mRNA but also at the DNA/
chromatin level (Figures 4B and 4C). Here we discuss what is
known about the regulation of APA and speculate about addi-
tional possible mechanisms.

Regulation of APA by trans-Acting Factors

One way to regulate the choice of alternative poly(A) sites is by
differential expression of general polyadenylation factors. This
mechanism could, for example, promote the usage of an APA
site that inefficiently recruits the 3’ processing machinery due
to the presence of suboptimal cis-acting elements by increasing
the concentration of one or more limiting processing factor.
A well-known example of this model of action occurs during
B cell differentiation. As discussed above, upregulation of
CstF64, and indeed the CstF complex, results in a switch
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(A-C) The choice of using one poly(A) site over another is dictated by a combination of several features, including variations in the abundance or activity of trans-
acting factors such as core 3’ processing proteins and tissue-specific RNA-binding proteins, as well as through interaction with splicing and transcription factors
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directing the interaction of protein components with the mRNA and perhaps RNA secondary structures (B). APA is likely also influenced by chromatin, including
nucleosome positioning around the poly(A) site, DNA methylation, and histone posttranslational modifications (C).

from distal to proximal poly(A) site selection, resulting in conver-
sion of IgM heavy chain from membrane-bound to secreted
form (Takagaki and Manley, 1998; Takagaki et al., 1996). This
was shown to reflect a greater affinity of the purified CstF
complex for the distal GU-rich downstream element relative to
the corresponding promoter-proximal site, leading to a model
in which the stronger, high-affinity site is utilized under condi-
tions of limiting CstF, while at high concentrations of CstF, the
first site encountered during transcription, i.e, the proximal
site, is preferentially used. This model not only explains the
switch in IgM pre-mRNA APA during B cell activation, but
also provides a mechanistic explanation for the more recent
global observations, also discussed above, that promoter prox-
imal APA sites are frequently “weaker” than downstream sites.
Thus, the switch to proximal sites that occurs generally in prolif-
erating cells could be brought about by increased levels of CstF
or other processing factors, which as we discussed is indeed
frequently observed. It is also noteworthy that the global studies
revealed that variations in the AAUAAA sequence frequently
characterized the proximal sites, but the studies with IgM
indicate that the nature of the GU-rich sequence can also influ-
ence APA.

Another example of regulation of APA by CstF is provided by
control of the mRNA encoding the transcription factor NF-ATc
during T cell activation. The transcription factor NF-ATc can be
synthesized in three prominent isoforms, two long forms that
are expressed in naive T cells and a shorter form arising from
usage of a proximal poly(A) site during differentiation to effector
T cells. Analogous to the situation in B cells, CstF64 levels
are low in naive T cells when the distal poly(A) site is used,
but increase during T cell activation when APA switches to
the proximal site. Again, this switch appears to exploit the rela-
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tively low affinity of the proximal site for CstF64 (Chuvpilo
et al., 1999).

The 3’ processing factor CFl has also been shown capable of
influencing APA site choice, at least in human tissue culture cells.
As opposed to the examples of CstF-mediated regulation of
APA, where low protein levels promote the usage of the distal
poly(A) site, reduced levels of CFI-25, achieved by siRNA knock
down, resulted in an upstream shift in poly(A) site selection in
transcripts of several genes tested (Kubo et al., 2006). These
results suggest that CFl may be selectively recruited to the distal
poly(A) site, perhaps by sequence-specific RNA binding. Indeed,
previous studies have shown that CFI| preferentially binds to RNA
sequences containing UGUAN (Brown and Gilmartin, 2003;
Venkataraman et al., 2005). Additional work is required to deter-
mine if alterations in CFl levels is a physiological mechanism of
APA control.

Animportant question in considering the role of general poly(A)
factors in APA regulation is whether the levels of any of these
factors change in a systematic way in response to changes in
proliferation and/or during differentiation. Indeed, genome-
wide studies have found that expression of most 3’ processing
factors does change in ways that correlate with APA changes.
For example, expression of most of the core polyadenylation
factors, including CstF and CPSF subunits, RBBP6 (Shi et al.,
2009), and symplekin, was found to be upregulated during
generation of iPS cells derived from different cell types, corre-
lating with a general trend of 3' UTR shortening, while the same
factors were downregulated in differentiated embryonic tissues
where longer 3’ UTRs are observed (Ji and Tian, 2009). In agree-
ment with this, many of these same genes are downregulated
during differentiation of C2C12 myoblasts into myotubes, when
3’ UTRs are lengthened (Ji et al., 2009). Moreover, Mayr and
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Bartel (2009) found that genes encoding several 3' processing
factors were upregulated in cancer cells, correlating with shorter
3’ UTRs (Figure 2). The most striking difference was in levels of
CstF64 and CPSF160, which as mentioned directly recognize
the GU-rich region and AAUAAA hexanucleotide, respectively.
These findings together support the view that changes in
concentrations of core poly(A) factors in conjunction with rela-
tively weak proximal poly(A) sites indeed plays an important,
general role in controlling APA. However, as we discussed above
with respect to the IgM gene, it is likely that other factors can
contribute to APA control, perhaps providing redundancy, func-
tioning together with the core factors, and/or allowing more
gene-specific regulation. Consistent with this, proximal APA
sites displaying higher variation of usage in different human
tissues tend to be flanked by sequences with higher conserva-
tion rate (Wang et al., 2008a).

A number of RNA binding proteins have been implicated in
APA control. An example of a tissue-specific factor, initially char-
acterized as a splicing factor but that also controls APA, is Nova2
(Licatalosi et al., 2008). RNAs extracted from brains of WT versus
Nova2 knockout mice were hybridized to exon arrays, and the
pattern of APA was found to be altered in ~300 transcripts. A
Nova?2 binding site, YCAY, was identified flanking the Nova2-
regulated alternative poly(A) sites; moreover, the position of
Nova2 binding was found to determine whether the protein
acts to promote or inhibit poly(A) site use. In transcripts where
Nova2 enhances poly(A) site use, it binds to more distal
elements, where it possibly antagonizes the action of (unknown)
auxiliary factors. In cases where Nova2 has an inhibitory effect,
binding sites are located within 30 nt of the poly(A) signal
sequences, and binding therefore likely interferes with the forma-
tion of the 3’ processing complex. Therefore, the position of
Nova2 binding may determine the outcome of poly(A) site selec-
tion in a manner analogous to its action on splicing regulation
(Ule et al., 2006). Another example of a “splicing factor” that
can regulate polyadenylation is the polypyrimidine tract binding
protein, PTB. PTB can compete with CstF binding to the down-
stream sequence element (Castelo-Branco et al., 2004) or can
stimulate 3’ processing (Moreira et al., 1998) by increasing the
binding of heterogeneous nuclear ribonucleoprotein H (hnRNP
H, like Nova2, better known as a splicing factor) to the G-rich
auxiliary element, which in turn stimulates cleavage by recruiting
CstF and PAP (Danckwardt et al., 2007; Millevoi et al., 2009).

Additional genome-wide analysis also implicates hnRNP H in
APA regulation. Specifically, Katz et al. (2010) used a statistical
model to infer isoform regulation from RNA-seq data. The results
showed that upon hnRNP H knockdown, preferential use of
distal poly(A) sites was observed. This effect could be due to
either hnRNP H-mediated inhibition of distal poly(A) sites or by
direct activation of proximal sites. The authors found that genes
with higher expression of shorter 3’ UTRs in the presence of
hnRNP H displayed higher binding of hnRNP H near the proximal
poly(A) site, implying that the second mechanism is the one
used. Since this would imply a role of hnRNP H in recruitment
of 3’ processing factors, this finding is in agreement with the
fact that hnRNP H has been previously shown to exert a stimula-
tory role by interacting with PAP (Millevoi et al., 2009). High levels
of hnRNP H have been observed in certain cancers (Honoré

et al.,, 2004), suggesting that this protein contributes to the
shortening of 3’ UTRs observed in cancer cells.

Several bona fide splicing factors are also known to influence
3’ processing (reviewed in Millevoi and Vagner, 2010). For
example, the splicing factor U2AF65 binds to the polypyrimidine
tract at the last intron 3’ splice site, stimulating both cleavage
and polyadenylation by recruiting the CFI complex to the poly(A)
site (Millevoi et al., 2006). Likewise, the SF3B component of U2
snRNP and the SR-related protein SRm160 have both been
reported to influence 3’ processing by interacting with the
CPSF complex (Kyburz et al., 2006; McCracken et al., 2002). It
is an intriguing possibility that the interplay between factors
involved in splicing of the 3’-terminal exon and polyadenylation
factors in the 3’ UTR, as well as the physical distance between
these two protein complexes, contributes to APA. U1 snRNP
has also been shown to affect poly(A) site utilization, but inde-
pendent of its role in splicing (Kaida et al., 2010). When binding
of U1 snRNP to 5’ splice sites was blocked using an antisense
morpholino oligonucleotide (AMO), premature polyadenylation
in many pre-mRNAs at cryptic poly(A) sites, frequently in introns
near the start of the transcript, was detected. This effect was
proved to be specific to U1 snRNP and not dependent on
splicing, since splicing inhibition by using an AMO to U2 snRNP
did not have the same effect. Binding of U1 snRNP in the
proximity of cryptic poly(A) sites likely blocks their use by inhibit-
ing recruitment of core 3’ processing factors to these sites.
Whether this provides a mechanism to regulate APA remains
to be determined.

As with other gene regulatory mechanisms, APA is likely to be
modulated by cell signaling pathways. Although little is so far
known about this, a potentially interesting example is provided
by the mechanism that upregulates the levels of the protease
thrombin under conditions of stress, which is achieved through
3’ end processing regulation (Danckwardt et al., 2011). Stress
conditions, such as inflammation, activate the kinase p38
MAPK, which on the one hand phosphorylates the RNA-binding
proteins FBP2 and FBP3. Once phosphorylated, FBP2/3 no
longer bind to a highly conserved upstream sequence element
(USE) in the thrombin mRNA. On the other hand, activation of
p38 MAPK signaling also upregulates the levels of 3’ processing
factors as well as of proteins involved in splicing regulation. Inter-
estingly, USE-RNP complexes were shown to include CPSF/
CstF components and splicing regulators. The data suggest
that p38 MAPK activation during stress leads to dissociation of
FBP2/3 from the USE so that the USE is now able to counterbal-
ance the relatively inefficient 3’ cleavage site by recruiting 3’
processing factors, leading to polyadenylation of the thrombin
pre-mRNA. This finding has important implications, as deregu-
lated thrombin expression, leading to the pathogenesis of throm-
bophilia, can result from point mutations in the 3’ UTR that
improve the strength of the cleavage site (Gehring et al., 2001).
Although not a direct example of APA, this emphasizes the exis-
tence of potential mechanisms by which 3’ processing of a weak
poly(A) site, such as typical proximal poly(A) sites, can be selec-
tively enhanced under specific physiological conditions.

Core 3 processing factors are also regulated by posttransla-
tional modification (reviewed in Ryan and Bauer, 2008). The
best-studied example of this to date is provided by PAP. For
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example, during mitosis PAP is hyperphosphorylated by Cdc2/
Cyclin B, which reduces its activity and contributes to a general
repression of mMRNA and protein production during mitosis
(Colgan et al., 1996). PAP was also shown to be sumoylated,
a modification that is important both for its nuclear localization
and its stability (Vethantham et al., 2008). Examples of posttrans-
lational modifications of core processing factors that influence
APA have not yet been reported, but are likely to exist.

The process of transcription and transcription-related proteins
appear capable of affecting the choice of APA site. The coupling
between transcription and 3’ processing is well established
(reviewed in Hirose and Manley, 2000; Perales and Bentley,
2009; Proudfoot et al., 2002). The CTD of RNAP Il is necessary
for efficient 3’ processing in vivo and in vitro (Hirose and Manley,
1998; McCracken et al., 1997), the CTD interacts with 3’ pro-
cessing factors such as CPSF and CstF (Glover-Cutter et al.,
2008; Licatalosi et al., 2002), CPSF interacts with the transcrip-
tion factor TFIID (Dantonel et al., 1997), 3’ processing factors
have been detected by ChIP assays at both ends of genes
(Glover-Cutter et al., 2008; Rozenblatt-Rosen et al., 2009; Ven-
kataraman et al., 2005), and the 3’ processing factor symplekin
binds to and stimulates the CTD phosphatase Ssu72, which is
necessary for efficient transcription-coupled polyadenylation
in vitro (Xiang et al., 2010). It has also recently been shown that
a transcriptional activator can enhance the efficiency of tran-
scription-coupled 3’ processing, in a manner that requires the
transcription elongation complex PAF1c (Nagaike et al., 2011).
PAF1c is a multifunctional complex implicated in various aspects
of transcription (Rosonina and Manley, 2005) and is known to
associate with 3’ processing factors (Rozenblatt-Rosen et al.,
2009).

The above findings indicate multiple mechanisms by which 3’
end formation can be coupled to transcription. An explanation
for this extensive coupling is that it serves to increase the effi-
ciency by which nascent transcripts are cleaved, by facilitating
recruitment of processing factors to the site of processing. But
how might this influence APA? As discussed by Nagaike et al.
(2011), an attractive model is that increasing the efficiency of 3’
processing along transcribed genes will tend to favor use of
proximal poly(A) sites. Given that transcriptional activators can
enhance processing efficiency, use of proximal poly(A) sites
has the potential to further enhance expression of activated
genes by removing repressive elements from the 3’ UTR. In
support of this mechanism, knockdown of a PAF1c subunit led
to increased accumulation of 3’ extended transcripts of a
PAF1c target gene (Rozenblatt-Rosen et al., 2009). It will be of
interest to determine whether this provides a general mechanism
of APA control.

An additional recent study emphasizes the potential connec-
tion between transcription elongation rate and APA. Pinto et al.
(2011) found that a mutant Drosophila strain with a reduced elon-
gation rate (because of a mutation in the RNAP |l largest subunit)
displays increased usage of proximal poly(A) sites in a number of
alternatively polyadenylated transcripts, suggesting that RNAP Il
elongation may have an important role in poly(A) site selection. A
mechanistic explanation for these findings is simply that a slower
RNAP Il would enable the proximal poly(A) signal to be exposed
to the 3’ processing complex for a longer time before the second
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poly(A) site is transcribed, increasing the efficiency with which it
is used. This scenario is analogous to the effect that lower tran-
scriptional rate has on alternative splicing: a human RNAP ||
carrying the equivalent of the abovementioned Drosophila
mutation, when introduced into human cells, was shown to
lead to the inclusion of otherwise skipped alternative exons in
several transcripts (de la Mata et al., 2003).

RNA Signals that Modulate APA

As mentioned in the Introduction, specific RNA sequences in the
pre-mRNA define the binding sites for different components of
the 3’ processing complex, dictating the precise site where
cleavage will occur. These are usually termed the “core” polya-
denylation elements, while there are also less-defined auxiliary
downstream and upstream elements. As discussed below, the
“strength” of the core elements in combination with auxiliary
elements is likely to play a critical role in selection of APA sites.

Large-scale computational analyses of 3’ UTRs have revealed
interesting features of cis-acting elements in regulating usage of
alternative poly(A) sites. As expected, poly(A) sites containing
the consensus sequence AAUAAA are used more frequently
than other variants. Nonetheless, usage of variant hexamers is
not uncommon (Hu et al., 2005; Jan et al., 2011; Tian et al.,
2005). Importantly, these variant sequences are usually found
in a promoter-proximal position within the 3’ UTR, and the
ones used more often are characterized by increased sequence
conservation around the poly(A) site. This suggests that appro-
priate context can compensate for lack of a strong poly(A) site,
probably by enhanced recruitment of 3’ processing factors,
such as CstF, to these sites.

Analysis of APA in 15 human tissues using deep sequencing
found a set of heptanucleotides showing high conservation
located in the region between APA sites (Wang et al., 2008a).
These include seed matches to a number of miRNAs, as ex-
pected, but also a consensus binding motif for FOX1/FOX2 (or
other proteins with the same RNA-binding specificity). FOX1/
FOX2 are well-characterized tissue-specific splicing factors
(reviewed in Kuroyanagi, 2009), but such a strong conservation
of their binding sequence in 3’ UTR regions suggests that they
have additional roles. It will be interesting to determine if such
roles are connected to regulation of APA and/or to determining
mRNA localization and stability.

To examine the sequence patterns governing APA, Ozsolak
et al. (2010) used direct RNA sequencing to analyze RNA
samples extracted from human liver, human brain, and yeast.
Three new motifs were identified near human poly(A) sites: a
TTTTTTTTT motif positioned ~21 nt upstream of the poly(A)
site, an AAWAAA motif (where W represents either A or T)
positioned upstream of the poly(A) site, and a palindromic
sequence, CCAGSCTGG (S = C/G) found downstream of the
poly(A) site. The palindromic sequence strongly co-occurs with
the TTTTTTTTT motif and with another sequence that was later
found using a less stringent scan (RGYRYRGTGG, where R =
A/G and Y = C/T). These sequences are present in intragenic
and newly found intergenic poly(A) sites (likely to represent
novel MRNAs), whereas they do not co-occur and actually anti-
correlate with the canonical AATAAA signal localization. The
anticorrelation hints at a possible role for these sequences in co-
ordinating APA events. An interesting analogy is with TATA-less



Molecular Cell

promoters, which use the same set of core transcription factors
but involving different interactions with promoter sequences
(Juven-Gershon et al., 2008; Sikorski and Buratowski, 2009).
Another possibility is that these new motifs function by
directing the binding of yet unknown proteins, which in turn
affect the recruitment and formation of the 3’ processing factors.
A third possibility is that, under certain conditions, the affinity
of CPSF and CstF complexes to RNA sequences might be
modulated by mechanisms such that posttranslational modi-
fications or association with other factors shift their binding
from the canonical sequences to these new motifs, thereby
affecting APA.

Finally, although not yet documented, it is possible that
secondary structures and stem-loop motifs in 3’ UTRs may
affect APA. Such structures in 3’ UTRs have been shown to regu-
late stability and other aspects of mMRNA metabolism (Erlitzki
et al., 2002; Liu et al., 2010b), and it is possible that they could
also enhance or inhibit the binding of protein factors involved
in 3’ processing and, as a result, modulate APA.

Chromatin and Epigenetic-Mediated Regulation of APA
An important recent discovery is that chromatin structure and
epigenetic marks can act as regulators of alternative splicing
(Fox-Walsh and Fu, 2010; Luco et al.,, 2010, 2011). Recent
data suggest that 3’ end processing might be similarly modu-
lated by chromatin and histone modifications. While much
attention has focused on nucleosome organization around the
promoter regions, little is known about their organization at
the end of genes. The first evidence for a connection between
polyadenylation and histone positioning was reported in
S. cerevisiae, where antibodies against tagged histones H3
and H4 were used to perform a ChlP-seq analysis. Significantly,
the 3’ region near the poly(A) site was shown to be depleted
of nucleosomes (Mavrich et al., 2008; Shivaswamy et al., 2008;
Spies et al., 2009). The depletion of nucelosomes in this area
could be caused by the nucleotide sequence itself, which
might have lower intrinsic affinity for nucleosomes (as shown
for poly(dA:dT) streches), or by the possibility that a nucleo-
some-excluding DNA-binding protein associates near the
poly(A) site.

Sites of MRNA polyadenylation and transcription termination
by RNAP Il are closely spaced in yeast genes (reviewed in Ri-
chard and Manley, 2009), so it could be that the nucleosome-
free regions are related to transcription and not 3’ processing.
More recently, however, a confirmation of strong nucleosome
depletion around human poly(A) sites was obtained, suggesting
that these regions are indeed connected to 3’processing.
Spies et al. (2009) analyzed two previously published ChIP-Seq
data sets from human T cells (Barski et al., 2007; Schones
et al., 2008) and found that the dip in nucleosome density ob-
served at the AATAAA sequence (and variants) was even more
pronounced around actively used poly(A) sites (in genes with
multiple poly(A) sites), suggesting either that additional se-
quences around the poly(A) signal, such as T-rich stretches,
may play a role in nucleosome positioning or that a yet unknown
nucleosome-excluding DNA binding protein maybe be com-
monly bound near the poly(A) sequence. Moreover, higher
downstream nucleosome density, from approximately +75
to +375 downstream of the poly(A) signal, was observed to be

associated with higher poly(A) site usage. Whether nucleosome
positioning affects APA, for example, by influencing the rate
of polymerase elongation, or if the opposite is true, via a 3
complex-dependent recruitment of a chromatin remodeling
factor, remains to be clarified.

Genomic imprinting has also been implicated in APA regula-
tion. Alternative poly(A) sites on transcripts of the mouse im-
printed gene H13 (encoding for a signal peptide peptidase)
have been found to be utilized in an allele-specific manner,
such that two proximal poly(A) sites are used in the maternal
allele, while a distal poly(A) site (one of three distal sites) is pref-
erentially used in the paternal derived allele (Wood et al., 2008).
The two clusters of poly(A) signals are separated by a CpG
island, which is located 0.5-3 kb downstream of the first cluster
and ~20 kb upstream of the second cluster of poly(A) sites. This
CpG island has been shown to be specifically methylated only on
the maternal allele. Since the maternal and paternal alleles are
exposed to the same array of trans-regulatory factors, allelic
differences in APA of this imprinted locus must be the result of
epigenetic regulation. A possible explanation for this is that
methylation of the CpG island on maternally derived alleles
recruits an inhibitory factor that prevents binding of polyadenyla-
tion factors to the upstream poly(A) sites, and therefore the distal
poly(A) site is used. CpG binding proteins have been shown to be
able to indirectly change chromatin structure. For example the
protein CFP1 binds specifically to nonmethylated CpGs and
changes chromatin by recruiting a methyltransferase, which
leads to increased H3K4me3 (Thomson et al., 2010). Similarly,
changes in chromatin induced by the specific state of CpG
methylation, if it occurs proximal to poly(A) sites, could affect
their utilization.

While additional work is required, it seems that nucleosome
positioning and epigenetic marks can affect the outcome of
gene expression through regulation of APA. The precise mecha-
nisms involved are not yet known but in theory could influence
APA either indirectly, for example by influencing the transcription
rate and therefore allowing more time for the assembly of the 3’
complex, or directly, by facilitating recruitment of components or
modulators of the 3’ processing machinery. The latter case
would be analogous to the mechanism by which recognition of
H3K4me3 by CHD1 functions, at the 5 ends of actively tran-
scribed genes, to recruit core spliceosomal components, there-
fore facilitating the efficiency of pre-mRNA splicing (Sims et al.,
2007). However, at this point it is difficult to establish a cause
or effect relationship between APA and epigenetic marks (as
well as nucleosome positioning). It is possible that poly(A) site
selection may induce specific chromatin marks, perhaps through
3’ processing complex-dependent recruitment of chromatin
modifiers, rather than chromatin marks acting to promote partic-
ular APA patterns.

Biological Functions of APA

UTR-APA produces mRNA isoforms that either contain or lack
a full complement of cis-regulatory elements (e.g., AREs or
miRNA binding sites), depending on the choice of proximal
versus distal poly(A) sites. Thus, the landscape of such se-
quences throughout 3" UTRs can determine the robustness of
APA as a regulatory mechanism. In this regard, Legendre
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et al.(2006) carried out a systematic examination of 3’ UTRs
produced by APA and found that 52% of miRNA target sites
are located downstream of the first poly(A) site. Sandberg et al.
(2008) also found that in T cells mRNAs with longer 3" UTRs
have a 2.1-fold higher number of miRNA target sites than those
with shorter 3’ UTRs. AREs have been estimated to be present
in ~10%-15% of all transcripts (Halees et al., 2008) and were
shown to interact with several proteins, some of which contribute
to mRNA stability (reviewed in Barreau et al., 2005), and others
control translation (reviewed in Espel, 2005). In addition, cooper-
ation between miRNAs and ARE binding proteins has been
documented in ARE-mediated mRNA degradation (Jing et al.,
2005).

As previously discussed, states of increased cell proliferation
are associated with generation of transcripts having shorter 3’
UTRs. This results in increased gene expression, consistent
with the need of faster proliferating cells to produce more
proteins. Indeed, Sandberg et al. (2008) showed that luciferase
reporters with short 3’ UTRs from several genes produced about
twice as much luciferase than those with longer 3" UTRs. For
example, one of the tested genes, Hip2, contains conserved
binding sites for miR-21 and miR-155. Expression of the longer
Hip2 3" UTR isoform is decreased during T cell activation, while
protein levels of Hip2 are increased. Mutation of these sites
resulted in the same luciferase levels as the reporter with the
shorter Hip2 3 UTR produced. Likewise, Mayr and Bartel
(2009) also showed that the longer 3’ UTRs of IMP-1, Cyclin
D2, or DICER1 genes negatively affected expression of similar
luciferase constructs and that this could be partially reversed
by specific deletions of miRNA sites (let-7 in IMP-1, miR103/
107, and/or let7 in DICER1 and miR15/16 in Cyclin D2). Signifi-
cantly, some miRNAs, including let-7 and miR15/16, have been
reported to act as tumor suppressors (Calin et al., 2002; Yu
et al., 2007). Extending this notion, escape from miRNA-medi-
ated regulation can induce increased oncogene protein syn-
thesis, suggesting that loss of 3’ UTR regulatory elements by
APA contributes to oncogenic transformation. Notably, deletions
of miRNA binding sites within the full-length 3’ UTRs caused
only a quarter to two-thirds increase in protein levels compared
to levels observed with the shortened 3’ UTRs produced by APA
(Mayr and Bartel, 2009). Thus, other regulatory factors such as
RNA binding proteins likely influence this process.

Another mechanism by which UTR-APA can influence protein
expression is via regulating mRNA localization. Since localization
is mainly dictated by cis-elements found within the 3’ UTR
(Kislauskis and Singer, 1992; Andreassi and Riccio, 2009), this
process can be modulated by APA. Examples include ASH1
mRNA in budding yeast (Takizawa et al., 1997), bicoid mRNA
in Drosophila embryos (Johnstone and Lasko, 2001), VegT1
mRNA in Xenopus oocytes (King et al., 2005), B-actin mRNA in
human fibroblasts (Condeelis and Singer, 2005), and MBP
mRNA in oligodendrocytes (Smith, 2004). Strikingly, high-resolu-
tion in situ hybridization techniques revealed that more than 70%
of transcripts in Drosophila embryos are expressed in spatially
distinct patterns (Lécuyer et al., 2007). Thus, mRNA localization
is a global phenomenon, conserved from yeast to mammals.
Asymmetric localization is observed in highly polarized cells
like differentiated neurons where APA events are often observed
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and where mRNA localization is used to promote rapid local
protein synthesis.

Several examples illustrate the role of APA in mRNA localiza-
tion. One is the brain-derived neurotrophic factor BDNF. The
brain produces two BDNF transcripts encoding the same
protein, with either a short or a long 3’ UTR (Timmusk et al.,
1993). The long BDNF mRNA was found to be preferentially
targeted to dendrites in cultured rat neurons. In addition, a signif-
icant reduction of dendritic BDNF mRNA was observed in hippo-
campal and cortical neurons of mutant mice that lack the long 3’
UTR mRNA isoform due to the insertion of three strong poly(A)
sites after the first BDNF poly(A) site (An et al., 2008). Further-
more, the long and the short 3' UTRs are differently regulated
in translation: while the short 3’ UTR BDNF mRNA is predomi-
nantly associated with polyribosomes, the long 3 UTR BDNF
mRNA is largely sequestered into translationally dormant ribonu-
cleoprotein particles. After neuronal stimulation, polyribosome
association with the long 3" UTR mRNA was increased, accom-
panied by increased BDNF protein, although levels of BDNF
mRNAs were not changed. These observations show that the
long 3 UTR mRNA specifically undergoes robust translational
activation in the hippocampus before transcriptional upregula-
tion of BDNF, while the short 3 UTR mRNA mediates active
translation to maintain basal levels (Lau et al., 2010). Another
example of 3’ UTR-mediated localization is provided by the
calmodulin-dependent protein kinase Il, CaMKlla. CaMKlla
mRNAs also have different-length 3’ UTRs (Bulleit et al., 1988),
and again, the longer isoform specifically localizes in dendrites
(Blichenberg et al., 2001), suggesting that a similar mechanism
might exist as with BDNF mRNA. Indeed, a number of mRNAs
localized in dendrites possess 3’ UTR sequences required for
localization (Andreassi and Riccio, 2009), although in most of
these, the role of APA has not been investigated. It is possible
that 3’ UTR signals regulated by APA may provide a general
mechanism for localizing mRNAs to soma and dendrites, as
well as to other subcellular destinations.

APA also plays a role in control of gene expression in plants.
For example, the control of seasonal flowering has a complex
but unique gene-regulation mechanism that involves APA
(Figure 3C) (Hornyik et al., 2010; Liu et al., 2010a). Flowering
time is negatively regulated by expression of the FLC gene.
Two RNA binding proteins, FPA and FCA, act independently to
repress FLC expression and thereby allow flowering. Both FPA
and FCA have been shown to repress FLC expression by medi-
ating APA of a noncoding antisense transcript. A promoter situ-
ated downstream of the poly(A) site of FLC and on the opposite
strand generates antisense transcripts that have alternative
poly(A) sites: one cluster of poly(A) sites (proximal) is located
opposite the terminal intron of FLC, and another cluster (distal)
is located opposite the FLC promoter. Both FPA and FCA
promote usage of the proximal poly(A) sites. Interestingly,
mutants of CstF components (CstF64 and CstF77) showed
elevation of sense FLC transcripts and reduction of antisense
FLC transcripts, suggesting FLC antisense transcripts are sensi-
tive to CstF activity (Liu et al., 2010a). However, FLD, a histone
H3 lysine 4 (H3K4me2) demethylase, is also required for effective
FLC silencing (Baurle and Dean, 2008; Liu et al., 2007b, 2010a).
In addition, another layer of complexity is added by the fact that
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FCA interacts with FY (the homolog of the 3’ processing factor
WDR33) (Shi et al., 2009) to promote proximal poly(A) site selec-
tion in its own pre-mRNA, resulting in production of a nonfunc-
tional, truncated FCA-mRNA (Simpson et al., 2003). How does
selection of the proximal poly(A) site in the antisense RNA
transcript promote silencing of FLC? Perhaps, as suggested
by Rosonina and Manley (2010), when the proximal poly(A) sites
in the antisense transcript are used, the recruited FLD demethy-
lase catalyzes removal of the transcriptionally active chromatin
mark H3K4me2 in the body of the FLC gene, leading to FLC
silencing, while utilization of the distal poly(A) site of the anti-
sense transcript facilitates recruitment of positive factors to the
FLC promoter, resulting in enhanced FLC mRNA expression.

Regulation by antisense APA has the potential to extend
beyond plants. A genome-wide analysis of polyadenylated
RNAs from both yeast and human liver cells (Ozsolak et al.,
2010) demonstrated that antisense transcription is very common
in eukaryotes, being present in at least ~60% of yeast-annotated
open reading frames and as much as 30% in human liver. It is
therefore possible that gene regulation through APA of antisense
transcripts may occur also in mammalian genes in a way analo-
gous to the FLC gene in yeast.

Concluding Remarks

While the existence of APA has been known for some time,
whether or not it constitutes a general mechanism of gene con-
trol has until recently been unclear. In the last several years,
however, genome-wide analyses have shown that APA is in
fact widespread in mammalian cells, is regulated during devel-
opment and differentiation, and can become deregulated in
disease. One of the most interesting questions is how mechanis-
tically alternative poly(A) sites are selected. As we have dis-
cussed, this will likely involve core polyadenylation factors,
such as CstF64 in B cell activation (Takagaki et al., 1996). Indeed,
since CPSF160 and CstF64 are upregulated in cancer cells (Mayr
and Bartel, 2009) and several 3’ processing factors are downre-
gulated during myoblast differentiation (Ji et al., 2009), regulation
of APA by varying the levels of core factors may be a general
mechanism. However, given how widespread we now know
APA to be, it is likely that other factors are involved. Similar to
control of alternative splicing (Chen and Manley, 2009), this is
likely to reflect a combination of core processing factors and
gene-specific RNA binding proteins. Indeed, APA is coupled
with splicing events as well as with transcription, suggesting
that numerous auxiliary factors involved in these processes
may affect APA. And as we have seen, chromatin modifications
also play arole in APA. In keeping with this, analysis of the poly(A)
“proteome” revealed over 80 proteins (Shi et al., 2009), poten-
tially linking polyadenylation efficiency, and hence APA regula-
tion, with multiple cellular processes.

So far, only a few examples linking aberrant APA directly with
known diseases have been documented. However, mutations
in 3" UTRs, including poly(A) signal sequences, have been asso-
ciated with a number of medically relevant issues (reviewed
in Danckwardt et al., 2008), including the early examples of
a- and B-thalassemias (Higgs et al., 1983; Orkin et al., 1985) as
well as the abovementioned examples of thrombophilia (Gehring
et al., 2001), IPEX (Bennett et al., 2001), and Cyclin D1-related

cancers (Burd et al., 2006; Wang et al., 2008b; Wiestner et al.,
2007). It is therefore likely that, similar to diseases reflecting
aberrant splicing (Cooper et al., 2009), more examples of
diseases caused by changes in APA will emerge.
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