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Abstract

For many genomic loci, there are more than one potential cleavage and polyadenylation site,
resulting in the generation of multiple distinct transcripts. When the proximal polyadenylation site
is present within the coding region of the transcript, alternative polyadenylation can result in
proteins with distinct amino acid sequences and potentially distinct functions. In most cases, the
different possible polyadenylation sites are all present within the 3’ untranslated regions (UTRS),
and the amino acid sequence of the encoded proteins are not affected by polyadenylation site
selection. In individual instances, the selection of the proximal versus distal polyadenylation site
in the 3UTR can dramatically affect transcript stability and translatability. In some instances,
UTR alternative polyadenylation generates RNA isoforms that have distinct subcellular
localization patterns, and that can regulate the location of the encoded protein in an RNA-guided
manner. In a recent paper, the laboratory of Christine Mayr demonstrated that alternative
polyadenylation of the transmembrane protein CD47 results in transcripts with the same
localization pattern, but the encoded protein localizes to the endoplasmic reticulum when it is
encoded by the transcript generated by using the proximal polyadenylation site in 3’UTR, and the
identical protein localizes to the plasma membrane when the transcript is encoded by the distal
polyadenylation site, also in the 3" UTR. Unlike previous studies, the mechanism of localization
does not rely on differential trafficking of the mRNA and is instead, based on RNA-mediated
recruitment of proteins to the cytoplasmic side of CDA47 that support its plasma membrane
localization. Other transmembrane proteins were discovered to be regulated similarly. The results
demonstrate that the choice of polyadenylation site can affect protein localization and function,
even when the sequence of the protein is unaffected. Further, the transcript encoding a protein can
serve as a scaffold to recruit additional proteins that affect the protein’s fate.
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INTRODUCTION

For many of the genes within the human genome, their end is in question. That is, there are
different sites within the genomic locus at which the transcript can be cleaved and a poly(A)
tail added, thus initiating the process that will generate the transcript end [1]. As a result of
the multiple possibilities for cleavage and polyadenylation, a process called alternative
polyadenylation, a single genetic locus can result in the production of multiple different
transcripts with different ending positions. If the proximal and distal polyadenylation sites
are both in the 3’ untranslated regions (UTRS), then this is considered UTR alternative
polyadenylation, while if the proximal site is within the coding region, this is considered
coding alternative polyadenylation (Figure 1).

Prevalence of alternative polyadenylation

While individual examples of alternative polyadenylation have been reported since the
1980s [2, 3], the prevalence of alternative polyadenylation genome-wide was not easily
determinable until cDNA and expressed sequence tag sequencing (EST) data became
available. In 2004, Ben Tian, Carol Lutz and colleagues analyzed cDNA and EST data and
learned that alternative polyadenylation is prevalent: 54% of human genes and 32% of
mouse genes were discovered to have multiple polyadenylation sites [4].

In another important study published in 2008, Sandberg and colleagues, inferring the levels
of different isoforms of a transcript based on the extent of hybridization to each of the
probes for a single gene on microarrays [5], discovered that when T cells are activated to
proliferate, their 3’ UTRs become shorter. Thirteen genes shifted to the use of a more distal
polyadenylation site and 86 genes shifted to the use of a more proximal polyadenylation site
with activation. Further analysis by these authors revealed that cell lines and more
proliferative cells tended to use proximal polyadenylation sites, while differentiated tissue
used more distal sites.

With the advent of methods for high-throughput sequencing of RNA, multiple labs have
developed methods to specifically sequence the 3’ ends of genes [1, 6-10]. The availability
of these methods has made it possible to define more precisely the selection of
polyadenylation sites on a genome-wide scale [11, 12]. These studies have revealed that 69—
79% of mammalian genes [1, 7] and about half of genes in flies [13], worms [14] and
zebrafish [15] have the potential to generate transcripts with different 3’ UTRs [12].
Polyadenylation site selection has been found to vary with proliferation [5, 16], among
tissues [7], and with transformation to cancer [11]. The lengths of 3’ UTRs tend to increase
upon differentiation [8, 17, 18], and shorten with proliferation [5, 16]. For instance,
transcripts isolated from stem cells and testes are more likely to use proximal
polyadenylation sites in 3’UTRs [13, 17], while transcripts isolated from differentiated
neurons are more likely to terminate at distal polyadenylation sites [13, 18, 19]. Further,
reprogramming of differentiated cells into induced pluripotent stem cells results in a
shortening of 3’ UTRs [20]. Transcripts present in cancer cells, both cancer cell lines and
primary tumors, are more likely to terminate at proximal polyadenylation sites [11, 21, 22].
The findings thus demonstrate that UTR alternative polyadenylation is widespread. These
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studies also demonstrate that the selection of polyadenylation sites is altered in proliferation,
differentiation, activation, reprogramming, and carcinogenesis.

Functional role for coding region alternative polyadenylation

In cases in which the proximal polyadenylation site is within the coding region of the gene,
alternative polyadenylation can result in two or more distinct proteins. Elegant studies in the
1980s demonstrated that a change in the selection of the polyadenylation site for the
immunoglobulin M heavy chain is critically important for the immune response. The long
isoform of the IgM heavy chain, expressed in resting lymphocytes, contains a
transmembrane domain and its incorporation results in membrane-bound antibody [2, 3].
During lymphocyte activation, there is a shift toward increased utilization of a more
proximal polyadenylation site. This results in a shorter, secreted protein that terminates prior
to the transmembrane domain.

In addition to these findings demonstrating clear genome-wide patterns of alternative
polyadenylation, complementary studies have articulated models for the functional
importance of coding APA. Screening EST databases, Vorlova and colleagues discovered a
coding region alternative polyadenylation event in 31 different genes in which the same
genetic locus produces a transcript that encodes a receptor tyrosine kinase and a different,
shorter transcript that encodes a secreted protein [23]. These secreted forms were discovered
to act as soluble decoys that interact with the ligand for the receptor expressed by the full-
length protein. Switching expression from the full-length vascular endothelial receptor 2 to a
shorter, soluble antagonistic isoform in human vascular endothelial cells resulted in a strong
antiangiogenic effect.

As another example, alternative cleavage and polyadenylation factors have been discovered
to autoregulate themselves. CstF-77 is a protein partner in the CstF complex that contributes
to cleavage and polyadenylation reactions. A polyadenylation site within exon 3 of CstF-77
creates a truncated and inactive transcript [24]. When cleavage and polyadenylation activity
is high, the creation of this shorter, inactive CstF-77 transcript may serve as a negative
regulator of cleavage and polyadenylation activity.

Functional role of UTR alternative polyadenylation in transcript stability

Emerging data has supported a functional role for UTR alternative polyadenylation. As 3’
UTRs can serve as recognition sites for molecules that affect the fate of a transcript, for
instance, microRNAs or RNA-binding proteins [25, 26], changes in 3’ UTR length have the
potential to substantially affect a transcript’s decay rate and its abundance. In 2009,
Christine Mayr and David Bartel demonstrated that short mRNA isoforms for cyclin D2 and
insulin-like growth factor 2 that lack recognition sites for the microRNAs let-7 or miR-15/16
are more stable [11]. The shorter isoforms of these transcripts were shown to be abundant in
cancer cells and, because they lack microRNA recognition sites, more stable. Further,
overexpression of IGF2BP1/IMP-1 expressed from the short isoform was sufficient to
transform cells.
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As additional examples, the likelihood of developing systemic lupus erythromatosis is
associated with a genetic polymorphism in a proximal polyadenylation site of human
interferon regulatory factor 5 (IRF5) that causes a mutation in the polyadenylation signal.
This mutation causes differential expression of two isoforms of IRF5 [27]. The long isoform
was shown to be less stable than the short isoform. This mutation affects IRF5 levels and,
together with other mutations in the same gene, affects the risk of systemic lupus
erythromatosis. In human glioblastomas, the O6-methylguanine-DNA methyltransferase
(MGMT) gene is thought to perform disadvantageous repair of damage induced by
chemotherapy [28]. Silencing of the gene is associated with a survival advantage after
treatment with radiation and the alkylating agent temozolomide (TMZ) [29, 30]. In addition
to methylation of the MGMT promoter leading to its silencing, recent data demonstrates that
there are two different isoforms for MGMT, and that expression of the long MGMT isoform
renders it susceptible to targeting by microRNAS that have recognition sites in the sequences
present in the long, but not the short, MGMT transcript [31]. Expression of the long MGMT
transcript in gliomas correlated with low MGMT expression, which would sensitize the cells
to alkylating agents. Alternative polyadenylation has also been implicated in circadian
rhythms, as a recent study demonstrated that two cold-induced RNA-binding proteins
regulate genes that are part of the circadian response in mouse embryonic fibroblasts by
affecting alternative polyadenylation of targeted transcripts [32]. Finally, an RNA-binding
protein that regulates flowering in plants has been demonstrated to regulate the expression of
alternatively processed antisense RNAs at the locus of a key flowering transcription
repressor [33].

Taken together, these reports and others create a compelling argument that alternative
polyadenylation plays a critically important role in controlling transcript decay and
abundance for specific genes that control cell functionality. These findings are further
supported by two recent studies in yeast, both of which demonstrated that the same genomic
locus can be expressed as a series of transcripts with varying levels of stability [34, 35]. A
difference of even a single nucleotide in the 3" UTR was found by both groups to have a
large effect on a transcript’s decay rate, thus supporting the importance of the specific
nucleotide at which a transcript terminates in controlling its fate.

However, genome-wide analyses of the importance of alternative polyadenylation in
transcript decay and abundance in mammalian cells have clarified that most instances in
which there is a change in the use of a polyadenylation site are likely to have little effect on
the specific transcript. These studies show that instances of large, functional effects may be
more the exception than the rule. Genome-wide analyses have also shown that the longer
isoform of a transcript may not always exhibit more rapid degradation than the shorter
isoform of the transcript, indicating that the portion of the 3’ UTR that is present in the
longer, but not the shorter isoform, may contain either destabilizing or stabilizing motifs.
Spies, Burges, and Bartel determined genome-wide measurements of decay rates for
mRNAs with alternative 3’ UTRs in murine 3T3 cells [25]. Isoforms generated from more
distal polyadenylation sites had slightly lower mRNA stability, on average, than isoforms
generated from proximal polyadenylation sites, consistent with the potential importance of
destabilizing elements in 3’ UTRs. However, for most transcripts, the effect was small.
Overall, the authors concluded that the selection of polyadenylation site had little effect on a
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transcript’s expression level or decay rate. In another study, mice were engineered to
overexpress poly(A) binding protein nuclear 1, a protein important for polyadenylation [36].
RNA isolated from the quadruceps of these mice exhibited changes in polyadenylation site
usage compared with controls. Among 2012 genes with changes in polyadenylation site
usage, 916 also exhibited differential expression between the engineered and control mice,
which was more than expected by chance. Overall, the use of more proximal
polyadenylation sites was associated with an upregulation of the transcript level of the
shorter isoform in mice overexpressing the poly(A) binding protein compared with control
mice. This trend is consistent with the loss of destabilizing elements from the 3’ UTRs, but
the preference for upregulation compared with downregulation was modest, making it less
clear that the expectation should be the loss of microRNA target sites when 3’ UTRs
shorten. Studies such as these have led some to question the extent to which alternative
polyadenylation events are important drivers of cellular processes [37].

Alternative polyadenylation and translatability

In addition to effects on transcript degradation rates, alternative polyadenylation can also
impact a transcript’s translatability, that is, the extent to which a transcript is converted to
protein. Indeed, because mMRNAs are circular, the 3’ UTR is located adjacent to the sites
within the transcript that control the recruitment of translation initiation factors to the
message’s 5’ end [25]. Using luciferase reporter assays as a readout, Mayr and Bartel
demonstrated that translation from the shorter isoforms for cyclin D2, IMP-1 and Dicer
resulted in higher protein production than translation from the longer isoform [11], thus
establishing a potentially important role for alternative polyadenylation in the expression of
these transcripts, and possibly more broadly as a regulator of translation rate, which could
reflect a role for microRNAs or RNA binding proteins that target the transcript in its
translatability. A study of the localization of transcripts to the polyribosomal versus
cytoplasmic fractions of human embryonic kidney 293T cells revealed higher enrichment in
the polyribosomal fraction for shorter isoforms, which would support a model in which short
isoforms lacking microRNA recognition sites are more actively translated [38]. However,
subsequent studies have yielded a less consistent picture. In the paper by Spies, Burges and
Bartell, the different isoforms for a single gene had very similar distributions of the number
of bound ribosomes [25]. To the extent that there was a difference, shorter transcripts were,
surprisingly, less likely to be translated than longer transcripts on a genome-wide basis, the
opposite of the expectation based on the previous studies. In another study, while changes in
polyadenylation site selection were observed in naive versus activated T cells, they were not
associated with corresponding changes in mRNA or protein abundance [39]. Other examples
in which the isoform with the longer 3’ UTR is preferentially translated have also been
reported. For instance, the serotonin receptor, a major regulator of anxiety-based behaviors,
undergoes alternative polyadenylation [40], and polymorphisms that increase the use of the
proximal polyadenylation site result in increased fear and heightened anxiety and depressive
symptoms [41]. The long, but not the short, isoform of the serotonin receptor contains
binding sites for the RNA-binding protein hnRNPK, which increases serotonin receptor
expression levels [42]. Similarly, for the cell cycle gene polo in Drosophila, the longer
isoform is translated at three times the rate of the shorter isoform [43]. Drosophila lacking
the distal polyadenylation signal cannot express the more highly expressed longer isoform

Trends Cell Mol Biol. Author manuscript; available in PMC 2016 February 29.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mitra et al.

Page 6

and die due to lack of proliferation of abdominal cells. Thus, while in some instances,
alternative polyadenylation clearly generates transcripts with different translatability, the
effect is not always in a consistent direction, and the global importance of genome-wide
alternative polyadenylation on translation remains unclear.

Conservation of alternative polyadenylation

To better understand the functional importance of alternative polyadenylation in gene
function, the extent to which alternative polyadenylation events are conserved among
species has been analyzed to determine whether there is selective pressure to retain
individual polyadenylation sites. In one such analysis, of 4800 genes, the specific locations
of the polyadenylation sites were conserved between mice and humans in approximately 500
genes [44]. The authors concluded that these genes may be under selection to preserve the
specific location of these alternative polyadenylation sites. As conservation of the specific
site was a relatively rare event, the authors concluded that the gain and loss of
polyadenylation sites is a common occurrence in mammalian genomes. Other studies have
discovered a lack of correlation between the specific location of polyadenylation sites in the
mouse and human genomes [39]. As proximal sites tend to be weaker than distal sites, a
model has been presented in which new, weaker 3’ sites are being consistently formed
upstream to stronger 5’ sites [44]. These are lost quickly if they are weaker than the 5’ site
and do not confer any advantage. This process would tend to produce the observed result:
weaker 3’ sites and stronger 5’ sites.

Alternative polyadenylation and transcript localization

Some functionally-important, evolutionarily-conserved instances of alternative
polyadenylation may not affect a transcript’s abundance, decay rate or translatability, but
rather, its localization. Some transcripts are actively transported to specific subcellular
locations. For instance, the process of learning and memory requires that specific transcripts
are actively transported to neuron projections such as axons and dendrites [45-47].
Translation of these transcripts at synapses provides proteins required for learning-related
plasticity [45]. These actively-transported transcripts contain cis-acting motifs in their 3’
UTRs, or less commonly 5" UTRs, that recruit RNA-binding proteins [48]. Through these
RNA-binding proteins, the transcripts become recognized by molecular motors that transport
the messenger RNAS to positions within the neuron such as the axon or dendrite [49].
Alternative polyadenylation can result in the production of transcripts with and without the
motifs critical for localization. An and colleagues demonstrated that for brain-derived
neurotrophic factor (BDNF), transcripts expressed as the long isoform, but not the short
isoform, are present not only in the cell soma, but also in the dendrites [50]. Mice that
expressed the short, but not the long, isoform of BDNF exhibited impairment in long-term
potentiation of dendrites, without the same effect on the soma. In another example, Duchene
and colleagues examined subcellular localization to the mitochondria. They discovered that
in Arabidopsis, alternative polyadenylation generates two isoforms of the voltage-dependent
anion channel 3 (VDACS3) of the outer mitochondrial membrane. The 3’ UTR sequence
present in the longer, but not the shorter, isoform of VDACS3 is necessary and sufficient to
target VDAC3 mRNA to the mitochondria [51]. Thus, in these examples, sequences present
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in the alternatively present 3’ UTR were responsible for targeting the transcript to specific
cellular locations, resulting in preferential localization of the encoded proteins.

Alternative polyadenylation regulates CD47 localization to the plasma membrane

This summer 2015, Binyamin Berkovits and Christine Mayr published a paper in Nature
entitled “Alternative 3’ UTRs act as scaffolds to regulate membrane protein localization”
[52]. In this report, Berkovits and Mayr focus on the CD47 membrane protein, a widely-
expressed cell surface marker that allows cells to label themselves as “self” and protect
themselves from phagocytosis by macrophages. They discovered that when CD47 is
encoded by a transcript with a short 3/ UTR, more of the protein is localized at the
endoplasmic reticulum (ER), while if CD47 is encoded by a transcript with a long 3’ UTR,
CDA47 localizes mostly to the cell surface (Figure 2). This did not reflect a difference in the
localization of the mRNA itself, as both the shorter and the longer transcripts were localized
similarly near the perinuclear ER. Thus, this differential localization represents a new
mechanism of control.

The alternatively present CD47 3’ UTR sequence contained tracts of uridines, and the HUR
RNA-binding protein is known to associate with transcripts through uridine-rich regions
[53-56]. Knockdown of HUR did not affect the total levels of CD47 mRNA or protein, but
HuR knockdown did reduce the localization of the transcript to the cell surface. They
hypothesized that HUR mediates its effects on the cell surface expression of CD47 through
protein-protein interactions. Previous studies have shown that HUR interacts with SET [57],
that SET interacts with RAC1 [58], and that active RAC1 translocates SET to the plasma
membrane [58]. Berkovits and Mayr discovered that ShRNAs directed against either SET or
RACL resulted in no change in the total protein levels of CD47, but reduced the level of
CDA47 on the plasma membrane. Further, several other genes encoding transmembrane
proteins that also contain HuR binding sites in their 3’ UTRs (CD44, ITGA1 and
TNFRSF13C) also exhibited reduced surface expression, but similar overall expression,
when HuR was knocked down.

Functionally, expression of CD47 from the long transcript resulted in protection against
phagocytosis by macrophages, while expression of CD47 from the shorter transcript, even if
expression levels were similar, resulted in less than complete protection against
phagocytosis. Further, overexpression of CD47 from the long, but not the short, isoform
resulted in strong co-localization with RAC1 at cellular ruffles called lamellipodia, and
promoted the formation of lamellipodia at the leading edge. Thus, the functional effects of
expression from the shorter versus the longer transcript were different, even though the
sequence of the coding region of CD47 was unchanged. The findings, taken together,
elucidate a mechanism whereby alternative polyadenylation can affect the localization of the
encoded protein independent of an effect on the localization of the transcript itself. The
results also define a new pathway for HuR-mediated translocation of proteins to the plasma
membrane that affects at least four, and possibly more, transmembrane proteins.
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A new method for targeting of proteins to subcellular components

Our understanding of how proteins are targeted to different subcellular compartments was
significantly advanced by Gunter Blobel in 1975 when he discovered that proteins are
localized to different subcellular compartments based on the presence of signal sequences
present in the protein [59]. In the model he put forth, Blobel defined a series of amino acids
located immediately after the initiation codon that are present only on those mMRNAs whose
translation products will be synthesized by ER-bound ribosomes. These proteins are
destined to reside within the ER, the Golgi, the plasma membrane or other cellular
compartments, but not the cytoplasm. According to this model, the amino acid sequence of a
protein contains the necessary information to determine the protein’s final subcellular
localization.

Since the initial publication of this model, additional amino acid sequences that direct
protein sorting have been identified. For instance, a mannose-6-phosphate modification is a
signal for a protein to be targeted to the lysosome [60]. Amino acid sequences indicating
that a specific protein should be retained within the ER have also been identified. These
proteins often, but not always, contain a KDEL amino acid sequence near the C terminus
[61]. The KDEL receptor actively transports proteins containing the KDEL sequence from
the Golgi to the ER. Thus, the prevailing model for protein targeting has involved the
recognition of amino acid motifs within the protein to actively transport proteins to their
proper subcellular compartment, mechanisms by which proteins interact with other proteins
in that particular compartment, and/or mechanisms to rescue proteins that have escaped their
appropriate compartment and reposition them [62].

Proteins that are integral to membranes represent an important category of proteins that must
be actively sorted to the proper cellular compartment [62]. The amino acid sequence KKXX
or RRXX at the cytoplasmic side of the C terminus represents a signal for transmembrane
proteins to be retained in the ER [63-65]. This sequence is thought to function by allowing
the protein to interact with coat protein | of the COP | complex [66], and thereby facilitate
the retrograde transport of membrane proteins that escape the ER and enter the Golgi
apparatus. In addition, an internally positioned, also cytoplasmically localized, RXR motif
has been discovered to be important for the retention of membrane proteins destined for the
ER [67]. The RXR motif is also used to retrieve resident ER proteins that mistakenly enter
the Golgi apparatus. Amino acid sequences that are important for promoting export of
membrane proteins from the ER have also been identified. A motif containing DXE [68] and
neighboring residues [69] accelerates the ER export of a viral membrane protein. Further,
studies of the trafficking of the Kir family revealed an export signal, FCYENE [70]. Thus,
for many membrane proteins, information on whether the protein is intended to be retained
within the ER or processed through the Golgi apparatus and vesicles to be inserted into the
plasma membrane is encoded within the amino acid sequence of the protein itself.

How does the CD47 protein maintain localization both at the endoplasmic reticulum and
plasma membrane?

Against this background, the findings of Berkovits and Mayr that CD47 can be either
retained within the endoplasmic reticulum or appear at the surface of the cell, with exactly

Trends Cell Mol Biol. Author manuscript; available in PMC 2016 February 29.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mitra et al.

Page 9

the same amino acid sequence, may be considered surprising. Their elegant findings explain
that CD47 encoded by the long isoform is translocated to the plasma membrane through a
mechanism that depends on HUR, SET and Racl. Another interesting question is “How does
CD47 encoded by the short transcript maintain its localization within the ER?” For instance,
CDA47 does not contain a KKXX or RRXX sequence at its C terminus, nor does it contain an
RXR motif. One possibility could be that CD47 contains a previously undefined ER
retention signal; indeed, a recent study discovered a new amino acid-based ER retention
signal in the mTORC protein [71]. However, if there were a retrieval signal encoded in the
CDA47 coding region, then how does the same protein progress in an anterograde manner
through the Golgi, enter vesicles and localize to the plasma membrane?

One possible consideration is whether CD47 in the ER has folded properly. Indeed, when
the CDA47 extracellular domain was replaced by the sequence for GFP, localization to the ER
was particularly strong. Perhaps CD47 expressed by the short transcript is more likely to be
incompletely folded, and ‘stuck’ in the endoplasmic reticulum, than CD47 expressed by the
long transcript. One possible explanation for the difference in localization for the protein
encoded by the different isoforms could be that the encoded mRNA itself facilitates the
folding process. The possibility that RNA can serve as a chaperone and help a nascent
protein strand avoid self-aggregation has been proposed [72, 73], and specific examples
have been identified. The 23S rRNA and the VV domain of the 23S rRNA can function as
molecular chaperones in vitro [74, 75], and the ribosomal protein S3a can act as a molecular
chaperone for the hepatitis B virus X protein [76]. In the case of CD47, the topology makes
a role for the transcript itself in protein folding less likely: the mRNA is in the cytoplasm
and the portion of the protein that is swapped for GFP in the engineered version is in the ER.

Taken together, the data in the recent paper by Berkovits and Mayr demonstrate a potential
for an important cellular function mediated by alternative polyadenylation events in which
both polyadenylation sites are present in the 3’ UTR. Further, they demonstrate that there
may be an important function for alternative polyadenylation events that do not alter the
decay rate or translatability of the encoded isoforms, and do not affect the overall level of
the encoded protein. Their data also show that the localization of a protein can be
determined by the message from which it is transcribed, and that the same amino acid
sequence can localize to more than one of the multiple compartments within a cell,
demonstrating that the information needed for protein targeting is not completely encoded
within the coding sequence. Finally, they discovered a mechanism whereby the RNA-
binding protein HuR has the capacity to regulate the localization of proteins to the plasma
membrane. Further studies will allow for a better understanding of how widespread the
HuR-mediated mechanism for protein localization is, and whether CD47 alternative
polyadenylation is important, for instance, in the identification of transformed cells as no
longer “self’.
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ABBREVIATIONS
JUTR 3’ untranslated region
APA alternative polyadenylation
BDNF brain-derived neurotrophic factor
ER endoplasmic reticulum
VDAC3 voltage- dependent anion channel 3
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Figure 1.
Schematic of alternative polyadenylation. In UTR APA (top), a gene has two potential

alternative polyadenylation sites that can result in two distinct transcripts. Both the proximal
and distal polyadenylation sites are present in the 3’ UTR. For coding APA (bottom), the
proximal polyadenylation site is within the coding region of the gene, and two different
isoforms result in the expression of distinct proteins.

Transcript
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Figure 2.
Schematic of CD47 processing. CD47 is encoded by a short isoform and a long isoform

through UTR alternative polyadenylation. RNA-binding proteins bind to the long, but not
the short, isoform of CD47. After translation in the endoplasmic reticulum, localization
factors are recruited to the long isoform that facilitate the transport of the encoded protein
into vesicles and to the plasma membrane.
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