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KEYWORDS Abstract The mRNA polyadenylation plays essential function in regulation of mRNA meta-
Alternative bolism. Mis-regulations of mRNA polyadenylation are frequently linked with aberrant gene
polyadenylation expression and disease progression. Under the action of polyadenylate polymerase, poly(A) tail
(APA); is synthesized after the polyadenylation signal (PAS) sites on the mRNAs. Alternative polyade-
Cancer; nylation (APA) often occurs in mRNAs with multiple poly(A) sites, producing different 3’ ends
Gene expression; for transcript variants, and therefore plays important functions in gene expression regulation.
MRNA In this review, we first summarize the classical process of mRNA 3’-terminal formation and
polyadenylation; discuss the length control mechanisms of poly(A) in nucleus and cytoplasm. Then we review
Poly(A) the research progress on alternative polyadenylation regulation and the APA site selection

mechanism. Finally, we summarize the functional roles of APA in the regulation of gene expres-
sion and diseases including cancers.

© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

Introduction RNA processing, translation and post-translational modifi-
cation. Splicing, capping and polyadenylation are the three
main steps in processing precursor messenger RNA (pre-
mRNA) into mature mRNA." Polyadenylation is the last key
step in the maturation of mRNA, which involves cutting the

Gene expression is the process of synthesizing functional
gene products from genetic information. This process is
tightly regulated at various stages, including transcription,
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3’-terminal of pre-mRNA and adding poly(A) tail at cleavage
site. This is important for the translation efficiency, sta-
bility and localization of mRNA.? Almost all eukaryotic
mRNA and many non-coding RNAs (ncRNAs) are poly-
adenylated. Many eukaryotic genes contain more than one
poly(A) site, termed alternative polyadenylation (APA),
leading to the production of different mRNA transcripts
from the same gene.>* In recent years, the polyadenylation
and APA have received considerable attention because
several studies have revealed that this process plays a key
role in a wide range of biological processes and the
occurrence and development of diseases.” ® Given that
previous reviews have provided detailed information on
mRNA polyadenylation and poly(A) tail length control,”
here in this review we intend to summarize the recent
progress on the functions and mechanisms underlying mRNA
APA regulation and its roles in gene expression and diseases
including cancers.

The process of polyadenylation

The formation of the mature mRNA 3’-terminal in eukary-
otes involves two steps: cleavage and polyadenylation.
Polyadenylation is a non-template addition of nucleotide.
Generally, 250—300 nt long poly(A) tail is synthesized
through the polyadenylation process under the action of
polyadenylate polymerase. However, recent studies have
shown that poly(A) tail length of most mRNAs in steady
state is much shorter than 250 nt, as we would explain
later." First, the cleavage and polyadenylation specificity
factor (CPSF) and cleavage stimulation factor (CstF) protein
complexes begin to bind at carboxy-terminal domain (CTD)
of RNA polymerase Il (RNAP Il). When RNAP Il progresses
through the polyadenylation signal (PAS) and CstF is trans-
ferred to the new mRNA precursor, CPSF will bind to the
PAS, and CstF will bind downstream of PAS. Meanwhile,
CFlm complex binds to 20—30 nt upstream of PAS, and
Pcf11(a subunit of CFllm) binds to the CTD of RNAP II.""'2
Then CPSF and CstF initiate cleavage approximately 35 nt
after the PAS. Immediately the polyadenylation polymerase
(PAP) begins to synthesize poly(A) tails. Almost at the same
time, the polyadenylation binding protein in the nucleus
(PABPN1) binds to the newly-formed poly(A) sequence.
CPSF begins to dissociate, while PAP continues to catalyze
polyadenylation and synthesize poly(A) tails. PABPN1 will
serve as a molecular ruler defining when polyadenylation
stops. Then PAP began to dissociate, and PABPN1 continued
to maintain the binding state'® (Fig. 1). In fact, the purified
3’ processing complex contains about 85 proteins, including
known core 3’ processing factors and more than 50 proteins
that may mediate cross-talk with other processes, but
these proteins still need to be further studied. ™

The control of poly(A) tail length

Most eukaryotic mMRNAs have a poly(A) tail generally limited
to 250—300 nt. But recent studies have shown that most
mRNA steady-state tails are much shorter than 250 nt,
averaging between 50 and 100 nt, and the length and
composition of tails vary in different creatures.” During
nuclear synthesis of poly(A) tails, CPSF binds to the PAS and

recruits PAP, and the first PABPN1 molecule is added to the
complex after its minimum binding site (12 nt) is formed. As
the poly(A) tail synthesized by PAP is extended, it is
covered by more PABPN1 molecules. However, the effi-
ciency of PAP itself is very low, and it is unable to generate
a specified length of tail. Only by affecting the activity of
PAP through CPSF and PABPN1, can effective poly-
adenylation and length control be achieved. In the pres-
ence of these two factors, the chain length rate can be
increased by 300—1000 times through the synergistic stim-
ulation of CPSF and PABPN1. Then, the rapid elongation
stops and the tail continues to grow at a low rate.'® When
the poly(A) tail exceeds the critical length of 250 nt, the
additional PABPN1 molecule can no longer be accommo-
dated in the spherical RNA protein complex. Therefore, the
contact between PAP and CPSF was interrupted. During the
further elongation of poly(A) tail, PAP is stimulated only by
PABPN1, and the synthesis rate is greatly reduced.'”

The regulation and site selection mechanism of
APA

A gene can produce transcripts with multiple PASs, and the
different usage of these sites can lead to the formation of
different mRNA isoforms, which is called alternative pol-
yadenylation.'® Transcriptome studies have shown that at
least 70% of human genes contain multiple PASs, and
alternative polyadenylation (APA) is far more common
than recognized.'® In recent years, more and more studies
have proved that APA plays an important role in regulating
gene expression, and APA global deregulation has been
found in various human diseases. According to the location
of the APA site, APA is divided it into two categories
(Fig. 2). Most APA sites are located in the 3’ untranslated
region (3’ UTR) (UTR-APA), resulting in transcripts with
different lengths of UTRs encoding the same protein. The
feature of this type of APA is that it can be regulated
globally and affect many transcripts in the cell, controlling
the 3’-UTR length and potentially affecting protein abun-
dance. UTR-APA regulates mRNA stability and translation,
nuclear export and localization by regulating the targeting
of microRNAs (miRNA) and binding to RNA binding proteins
(RBPs). When the alternative poly(A) site is located in an
internal intron or exon, it’s defined as coding region APA
(CR-APA). CR-APA controls the transcription of different
mRNA isoforms in the coding region, leading to the
expression of different protein isoforms. Similar to UTR-
APA, CR-APA can also participate in gene regulation
through various ways, including protein initiation and
repression of gene expression.”’

The regulation of APA

1 Regulation by 3’-end-processing factors

An important factor involved in APA cleavage is CstFé4,
which significantly increases the efficiency of proximal
cleavage.”' For example, during the transition of B cells
into plasma cells, IgM protein changes from a membrane-
binding type to a secreted type. This switching is largely
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Figure 1 The formation of 3’-end processing machinery. With the help of CPSF, CstF, RNAP II, PAP and other proteins, RNA
completes 3’ end splicing and polyadenylation, forming poly(A) tail. PABPN1 binds to adenosine to control the length of the 3’ end.

Proximal PAS Distal PAS Proximal PAS Distal PAS
— H H H - 1 H H H [
el \ AAAAAAAA d] [ ] AAAAAAAA
e \ | |AAAAAAAA D \ \ \AAAAAAAA

( D
Q

Encoding same protein Encoding different proteins

Figure 2  Types and regulation of APA and mechanism of PAS selection. According to the location of APA sites, APA is divided into
two categories. UTR-APA, located in the 3’ UTR, regulates mRNA and protein expression mainly by affecting the length of 3’ UTR.
CR-APA, located in the CR, affects mRNA and cause the production of different proteins.

caused by the selection of the poly(A) site. Secretory type CstF64 protein levels.”” Moreover, the upregulation of
is produced at the proximal poly(A) site, while membrane- CstF64 and CstF complex can lead to the selection of
binding type is produced at the distal poly(A) site. Studies poly(A) site from distal to proximal, causing the transition
have shown that the transition from membrane-binding to of IgM heavy chain from membrane-binding to secretory
secreted IgM is accompanied by a specific increase in type.”
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Another important APA regulatory factor is CFIm. Under
normal circumstances, CFIm promotes the use of distal PAS,
or may inhibit the use of proximal PAS.'? Distal site tends to
be canonical PAS, while there are more PAS variants at
proximal site. In the case of CFIm25 or CFImé8 depletion,
the usage of proximal site increased and the 3’ UTR got
shorter. It shows that although 3'-end-processing is
completely dependent on CFIm at some canonical poly(A)
sites, it is less dependent at some weak and noncanonical
poly(A) sites. But CFIm59 knockdown did not induce the
same results.'>2*72¢ This may be related to the interaction
between CFIm59 and U2AF 65. The region 17—47 of U2AF 65
physically associates with CFIm59.%” Contrary to CFIm59
promoting the use of distal sites, U2AF 65 can activate
proximal APA sites. When CFIm59 is knocked down, it may
affect the promoting effect of U2AF 65 on the use of
proximal sites.?®

CPSF and CFll respectively participate in APA regulation
through Fip1 and Pcf11.%° They both can promote the use of
the proximal poly(A) site. Among them, Fip1 is particularly
important for the self-renewal and somatic reprogramming
of embryonic stem cells, and Pcf11 is also found to have an
important influence on APA of metazoan cells.*’ In addi-
tion, several poly(A) binding proteins also play an important
role in APA regulation. For example, PABPN1 has been
proved to be associated with the use of proximal sites.
Knockout of PABPN1 promoted the use of proximal sites.*°
PABPC1 plays a similar role in facilitating the use of distal
site, with 3’ UTR shortened by knockout.*' CPEB1, in
contrast, increases the use of proximal sites because it can
assist CPSF to recruit to weaker DSEs.>?

2 Regulation by transcription

The interaction between transcription and the 3'-end
processing mechanism increases the poly(A) tail cutting
efficiency and then promotes the use of proximal sites.?3*
Transcription elongation factor PAF1C and ELL2 can
improve the utilization ratio of proximal site.>> And as
confirmed by the analysis of the gene transcriptome,
enhance of transcription activity can promote the cleavage
of the proximal site. Because the proximal poly(A) sites are
transcribed earlier than the distal sites, the 3’-processing
machinery encounters them first, and they have an
advantage over the distal poly(A) sites. Therefore, the use
of proximal poly(A) sites should be positively correlated
with the distance between adjacent poly(A) sites, and
negatively correlated with transcription elongation.’ In
addition, RNAP Il can also influence the selection of poly(A)
sites. Studies have shown that reducing the kinetics of
RNAP Il elongation can lead to increased use of the proximal
poly(A) site in a large number of transcripts. This may be
due to the fact that slower RNAP Il will expose the proximal
poly(A) signal to the 3'-processing complex for a longer time
before transcription at the second poly(A) site. The phe-
nomenon that RNAP Il can also promote proximal PAS use if
it is paused also supports this claim.>® Global analysis shows
that, when genes are expressed at high level, short 3’'UTR
mRNA isoform tend to be richer, RNAP Il will pause more
frequently at the proximal PAS, therefore regulating the
poly(A) site selection.

3 APA regulation by splicing

RNA splicing also plays important function in regulation
of APA. In the case of intronic PASs, splicing and poly-
adenylation may compete with each other. In introns, the
possibility of polyadenylation at intronic PAS is greatly
increased if the 5'-cleavage site is weak.>” When the use of
the 3'UTR proximal poly(A) site is increased, the cleavage
at the intron poly(A) site is also increased. There are mul-
tiple protein interactions between core splicing factor and
core polyadenylation factor, such as U1 snRNP and CPSF160,
U2 snRNP and the CPSF complex, and U2AF and the CFI
complex. Recent studies have shown that U1 snRNP, inde-
pendent of its role in splicing, widely promoted the use of
intron poly(A) sites and protected pre-mRNAs from pre-
mature cleavage.*® Moreover, the effect of U1 snRNP is
dose-dependent. When the level of U1 snRNP decreases
gently, the shift towards the proximal 3'UTR cleavage site
will happen instead of using the upstream intron cleavage
site. U2 snRNP mediates CPSF loading to pre-mRNA, and U2
snRNP cofactor (U2AF) interacts with CFIm59, both of which
stimulated cleavage and polyadenylation.?®

4 The APA and chromatin

Previous research has found that, nucleosomes sharply
decreased at PAS, while it increased significantly at the
downstream of PAS, which may be due to the low intrinsic
affinity of A-rich sequences for nucleosomes.***° This phe-
nomenon is also observed in the cases of multiple poly(A)
sites, in which the stronger poly(A) site shows more obvious
depletion of PAS nucleosomes and enrichment of down-
stream nucleosomes, indicating a correlation between
nucleosome localization and the use of PAS site.”’ But the
specific relationship remains to be further studied. In addi-
tion, chromatin may also affect APA through DNA methyl-
ation.”> For example, some genes are not methylated on
paternally-derived chromosomes and are highly methylated
on maternally-derived chromosomes, unmethylated genes
use upstream poly(A) sites, and methylated genes use
downstream poly(A) site,*” suggesting that DNA methylation
may play a role in the regulation of APA.**

5 APA and tissue specificity

A large amount of evidence shows that APA exhibits
certain tissue specificity. For example, transcripts in the
nervous system and brain are characterized by the prefer-
ential use of the distal poly(A) site (which generates iso-
forms with a longer 3'UTRs), whereas transcripts tend to
use more proximal sites in the placenta, ovary, and
blood.**> The APA selection is much more similar in the
same tissues of different species than between different
tissues of the same species. Few tissue specific accessory
proteins have been found capable of controlling APA. And
changes in core polyadenylated protein levels seem to play
a significant role. However, in metazoan or mammalian
tissues, there are only a few physiological changes in the
levels of core polyadenylated proteins, and the role of
them may be limited. The underlying causes of APA tissue
specificity remain to be further investigated*® (Fig. 3A).
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Regulation of APA and mechanism of PAS selection. (A) 3’-end-processing factors, transcription, splicing and structure

of chromatin can affect APA. And APA has tissue specificity. (B) When the elongation rate is slow, the proximal site has an obvious
time advantage over the distal site because it is recognized by related factors first, so the possibility of selecting the proximal site
increases. (C) APA tends to select proximal sites when transcriptional activity is high. Highly-expressed genes often own a shorter
3'UTR. (D) The distal site is stronger, while the proximal site is weaker. Only when 3’-end-processing factor concentration is high,
mRNA will choose the proximal site. The arrows represent transcription. The size of the arrow represents the rate of transcriptional

elongation.

Mechanism of poly(A) site selection

There is still no definite conclusion about the selection
mechanism of PASs in specific environments. But several
models have been proposed. Here, we introduce three of
them. The first is the “first come, first served” model
(Fig. 3B). Because of its position, the proximal site is first
transcribed, so there is more time for cleavage and poly-
adenylation, leading to an advantage over distal PASs. This
proximal dominance is influenced by transcriptional elon-
gation. When the elongation rate is slow, the time advan-
tage is more obvious and the possibility of selecting
proximal site is increased.®" It should be noted that there is
no direct relationship between the transcriptional activity
of genes and the transcriptional elongation. For transcrip-
tional activity, there is a “poisedness” model (Fig. 3C).
Transcription factors can regulate the efficiency of 3'-pro-
cessing factor cotranscriptional re-cruitment, which in turn
regulated APA.° Numerous reports have shown that the
expression of stronger promoters leads to a preference for
proximal site, and the higher expression of genes tends to
have shorter 3'UTRs.*’

Another important model is the “survival of the fittest”’
(Fig. 3D). In most cases, the level of core 3'-processing

factors in proliferating cells is much higher than that in
differentiated or resting cells. As mentioned above, distal
poly(A) site preferentially uses the canonical PAS, whereas
the prevalence of PAS variants increases at proximal poly(A)
site. The distal site has stronger cis-elements than the
proximal site and is more conserved. Therefore, the distal
site is stronger than the proximal site. Only when 3’-end-
processing factors are high, mRNA chooses proximal site.
The actual sites of cleavage and polyadenylation selected
are strongly influenced by nuclear cleavage and poly-
adenylation factors, as well as other protein concentra-
tions.>® Therefore, in proliferating cells, it is more likely to
recognize weaker proximal sites, while in differentiated or
resting cells with insufficient 3’-end-processing factors,
distal sites are preferentially selected. None of the current
mechanisms can perfectively explain the poly(A) selection
mechanism. Whether the selection of poly(A) site is medi-
ated by multiple mechanisms or there is unknown mecha-
nism still needs further study.3”*8

The functions of APA

APA, as a post-transcriptional event, plays an important
role in gene expression in eukaryotes. APA can influence the
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expression of genes containing multiple poly(A) sites by
changing the length and composition of 3'UTR and affecting
mRNA metabolism and protein expression, thereby
affecting cell phenotype and even tissue and organ func-
tions. The UTR-APA and CR-APA differ in terms of their
functions in gene expression regulation. The UTR-APA
mainly affects 3’'UTR and quantitatively affects protein
expression. The CR-APA not only influences the length and
composition of 3'UTR, but also plays an important role in
protein diversification and repression of gene expression. In
addition, recent studies have found that UTR-APA can
regulate protein localization independently of mRNA
localization,*’ while CR-APA changes mRNA localization due
to the inclusion of different terminal exons™ (Fig. 4).

APA affects mRNA stability and translation mainly
through miRNA and RBPs. miRNAs are small RNAs (22 nt)
that regulate the stability and/or translation of their target
complementary mRNAs. In mammals, more than half of the
conserved miRNA targets are located in 3’UTRs. miRNA
targeting ability is usually affected by the location of the
targeted point in mRNA and surrounding sequence, and the
targeted point that located at the ends of 3'UTR are more
efficient than that in the middle. Therefore, in the case of
short 3’UTRs, miRNA has a better working environment and
stronger targeting efficiency.’' In addition to a large num-
ber of miRNA targets, there are also a lot of 3’UTR mRNA
destabilization elements, such as AU-rich elements (AREs),

GU-rich elements (GREs) and PUF protein-binding ele-
ments, etc. When the length and/or composition of the
3'UTR change, these mRNA destabilization elements are
included or excluded, and then the combination of RBP will
be affected, leading to the change of mRNA stability and
translation.>?

Some 3'UTR APA isoforms show differences in the
abundance between nucleus and cytoplasm. There are
more long 3’UTR isoforms enriched in the nucleus than in
the cytoplasm.>*>* Although it has not been determined
whether this is more influenced by mRNA stability or mainly
because of the influence of APA on protein localization, APA
plays a role in mRNA nuclear export and localization. In
addition, even if the same protein is encoded, the mRNAs
with different 3’'UTR may lead to different protein subcel-
lular localization. For example, there are two brain-derived
neurotrophic factor (BDNF) transcripts in the brain that
encode the same protein but have different lengths of
J'UTR. It was observed that BDNF mRNA with a long 3'UTR
preferentially targets dendrites. And when three strong
poly(A) sites are inserted behind the BDNF poly(A) site,
which results in the shortening of its 3’'UTR, the dendritic
BDNF is significantly reduced.” APA affects mRNA locali-
zation, which in turn can promote localized protein trans-
lation, thereby facilitating rapid local protein synthesis.*®

UTR-APA can regulate protein localization indepen-
dently of mRNA localization. At present, this mechanism

UTR-APA

/

RBP

Ol =AAAAAAAAAA

EEEEE
mMiRNA

mRNA stability

and translation

quantitatively affected

protein expression

e
QD

nuclear export

and localization

CR-APA
—— b

/

protein

diversification

Figure 4

l

repression of gene

expression

i

altered mRNA

localization

Functions of different APA. APA can influence mRNA and protein through a variety of regulation in mRNA stability and

localization, protein types and expression levels etc. The two types of APA are different in functions.



mRNA alternative polyadenylation (APA) in regulation of gene expression and diseases 171

has been found in CD47, CD44, ITGA1 and members of
TNFRSF13C. In the case of CD47, the gene encoding the
membrane protein CD47 has an alternative 3'UTR. CD47
from the longer isoform was highly expressed on the cell
membrane, while CD47 from the shorter isoform was mainly
localized in the endoplasmic reticulum. The reason is that
3’UTR of mRNA that encoding CD47 contains RBP HUR (Hu
antigen R), and CD47 can be transferred to the cell mem-
brane through the interaction between HUR and the SET of
the translation site. The short mRNA isoforms lacked the
sequences needed to assemble the HUR-SET complex,
leading to CD47 localization primarily to the endoplasmic
reticulum.>®

In addition, CR-APA can affect protein expression and
produce a variety of proteins through the use of different
PAS. Previous studies have shown that protein truncation
resulting from polyadenylation of protein introns can
significantly affect full-length counterpart function. For
example, retinoblastoma-binding protein 6 (RBBP6) can
produce 4 isoforms via differential RNA processing.”” One of
the isoforms come from the use of an intron PAS, which
produces a truncated protein called Iso3. Iso3 will compete
with RBBP6 and affect the function of RBBP6.°%>° Changes
in mRNA localization by CR-APA can also be achieved by
including different terminal exons. In Berkovits’s study, the
alternative last exons ALE isoform was located in neural
projection in 80% of pairs with significant differential
localization. Isomorphic analysis of different neuronal
localization systems revealed associations between ALE
isomorphic subcellular localization and APA.>®

Abnormal APA regulation in tumors

Although the extent and consequences of all APA events are
unclear in both non-cancerous and cancerous cells, it is
certain that APA events contribute to the development
and/or maintenance of tumors. Justin Brumbaugh et al.
found that there is a subset of APA genes regulated by
CFIm25 in glioblastoma. After knocking down CFIm25, the
3'UTRs of at least 1450 genes were shortened. And with the
downregulation of CFIm25 in glioblastoma cells, tumorige-
nicity enhanced and tumor size increased.® In addition, a
recent study focused on single-cell APA for different cell
types in AML revealed that many leukemia cell marker
genes such as NF-kB, GATA2 and IAP-family genes exhibit an
APA variation, which affects the proliferation and differ-
entiation of leukemia bone marrow mononuclear cells.®’
About 70% miRNA targets and about 11% AREs of human
protein-coding genes are located in 3’UTR.%? In a systematic
survey of global APA landscape, overall APA was found to be
shorter in tumor samples than in matched normal samples,
and APA was more widely shortened in cancer cell lines
than in tumor samples.®® The shortening of 3’'UTR leads to
decreasing of miRNA binding sites and disappearing of some
mRNA destabilization elements. In normal cells, the proto-
oncogene uses distal PAS in the protein coding region, and
transcripts are normally regulated by miRNAs and/or
RBPs.>® With the occurrence of APA events, once the cell
selects proximal PAS to generate a short 3'UTR, it is possible
to eliminate the binding sites of miRNA and/or RBP,
resulting in the loss of normal control of the mRNA and

inducing carcinogenesis.®* A study in breast cancer found
that the number of miRNA targets in the alternative UTR
(aUTR) region, which exists only in long isoforms, can affect
the ratio of long and short isoforms (LSR) of target genes.
The target sites of up-regulated miRNAs often appear in
aUTR. And the genes whose aUTRs were targeted by up-
regulated miRNAs in cancer cells had an overall lower
LSR. The reduction of LSR of aUTR target genes of these
abnormally up-regulated miRNAs is dose-dependent on the
number of target sites.® This result suggests that the main
reason for LSR reduction may be degradation of long iso-
forms, and miRNAs may play a key role in the transition
from normal to carcinogenic or proliferative status of APA
patterns.

APA events can affect the expression of genes through
protein expression and the production of truncated pro-
teins, and promote the occurrence of tumors. For example,
ACTH produced by non-pituitary tumors generally cannot
be suppressed by exogenous glucocorticoids. Studies have
shown that DMS-79 cells derived from an ectopic ACTH-
producing tumor express abnormal glucocorticoid receptor
(GR) mRNA. Due to the occurrence of intron APA, the pro-
tein encoded by this mRNA lacks a steroid-binding domain
and cannot function as a transcription factor activated by a
ligand. The APA event in GR gave DMS-79 cells the ability to
resist glucocorticoids.®®

Furthermore, Justin Brumbaugh et al. found that RNA-
processing factor Nudt21 directs differential poly-
adenylation of over 1500 transcripts in cells acquiring plu-
ripotency, which were strongly enriched for cancer-
associated chromatin regulators. It supports a possible
role of APA in driving tumorigenesis via affecting chromatin
signaling.®” Besides, one of the characteristics of cancer
cells is that they prefer aerobic glycolysis rather than the
mitochondrial tricarboxylic acid cycle, which is commonly
referred to as the Warburg effect. This effect can promote
the uptake and incorporation of nutrients into the
biomass.®® In some cancer cell lines, genes with shortened
3'UTRs were found to be involved in metabolism, glucose
import and regulation of transport. The transfer of these
genes to the proximal sites of APA may be related to the
Warburg effect of tumor cells.®’

However, not in all tumor cells, APA tends to select the
proximal poly(A) site and cause the 3'UTR to shorten. For
example, in a study of breast cancer APA sites, it was found
that the estrogen-sensitive breast cancer cell line MCF7
tends to shorten 3'UTRs, while estrogen-independent and
highly invasive MB231 prefers distal poly(A) sites. In the
long 3’'UTR gene list of MB231 cell line, 30 genes are related
to apoptosis or programmed cell death. In addition, genes
involved in the caspase pathway were found to be enriched
in MB231, and four downstream genes (Caspase 6, DFFA,
DFFB and PARP1) were switched to the distal APA site. The
extension of these genes by 3’'UTRs may help to avoid the
apoptosis of MB231 cells.”® This finding indicated that the
regulation and function of APA in tumors is very compli-
cated. The transformation of normal cells into cancer cells
could be an evolutionary dynamic process driven by muta-
tions of some driving factors under the action of various
environmental selection forces.”' Although APA plays a
certain role in the occurrence and development of tumors,
this effect on the overall environment is closely related.
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MCF7 is estrogen sensitive, and MB231 is estrogen inde-
pendent and highly aggressive.”” The two are different at
different states on the adaptive landscape, which may have
caused the difference in APA events.

Besides, APA may have great potential in the treatment
and clinical judgment of tumors.”* At least 214 antitumor
drugs have been identified that are closely related to APA
events, particularly pan-histone deacetylase (HDAC) in-
hibitors and DNA topoisomerase | inhibitors. APA events
play a key role in the response to antitumor drugs. And 345
different APA events related to tumor isoforms, 66 related
to tumor staging, and 1707 related to overall survival were
identified in paired normal and tumor samples.”* For
example, the shortening of CSNK1D transcript is associated
with poor survival at KIRP,”> and CRTC1’s shortening is
associated with poor survival in LGG.”® These findings may
provide an important clinical basis for diagnosis, treat-
ment, and prognosis of cancer patients. The regulation and
role of APA in tumor remains to be further studied in the
future.

Concluding remarks

With the development of whole transcriptome sequencing,
the regulatory mechanisms and functional effects of poly-
adenylation and APA are being revealed at an unprece-
dented rate. We began to gain a clearer understanding of
the polyadenylation process and its key factors, poly(A)
length control and influence, the way APA is regulated, APA
function, and APA’s role in tumors. The regulation of APA, in
particular, is a complex process involving 3’-end-processing
proteins, transcription, splicing, chromatin structure, tis-
sue specificity and other factors. A deeper understanding of
polyadenylation and APA can provide new information on
the regulation of gene expression and achieve a more
comprehensive and systematic understanding of gene
expression. Abnormal APA isoforms detected in cancer
without alteration of the proto-oncogene will contribute to
the discovery of potential cancer-related genes and path-
ways. More importantly, a better understanding of poly-
adenylation and APA opens the possibility of developing
new diagnostic and therapeutic approaches. Cancer type-
specific APA may provide new targets for diagnosis and
prognosis, which may help optimize patient outcomes using
sophisticated medical methods.
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