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Abstract Objective: To review alternative polyadenylation (APA) as a mechanism of gene
regulation and consider potential roles for APA in prostate cancer (PCa) biology and treatment.
Methods: An extensive review of mRNA polyadenylation, APA, and PCa literature was per-
formed. This review article introduces APA and its association with human disease, outlines
the mechanisms and components of APA, reviews APA in cancer biology, and considers whether
APA may contribute to PCa progression and/or produce novel biomarkers and therapeutic tar-
gets for PCa.
Results: Eukaryotic mRNA 30-end cleavage and polyadenylation play a critical role in gene
expression. Most human genes encode more than one polyadenylation signal, and produce
more than one transcript isoform, through APA. Polyadenylation can occur throughout the gene
body to generate transcripts with differing 30-termini and coding sequence. Differences in 30-
untranslated regions length can modify post-transcriptional gene regulation by microRNAs and
RNA binding proteins, and alter mRNA stability, translation efficiency, and subcellular localiza-
tion. Distinctive APA patterns are associated with human diseases, tissue origins, and changes
in cellular proliferation rate and differentiation state. APA events may therefore generate un-
ique mRNA biomarkers or therapeutic targets in certain cancer types or phenotypic states.
Conclusions: The full extent of cancer-associated and tissue-specific APA events have yet to be
defined, and the mechanisms and functional consequences of APA in cancer remain incom-
pletely understood. There is evidence that APA is active in PCa, and that it may be an untapped
resource for PCa biomarkers or therapeutic targets.
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1. Introduction

There is accumulating evidence that polyadenylation site
selection is associated with tissue-type and cell state.
Certain cells and tissue types tend to select more proximal
polyadenylation signals (PAS), while others tend to select
more distal. For example, the brain generally produces
longer mRNA transcripts through preferential distal PAS
usage, while cells in the ovary generate shorter transcripts
through proximal PAS usage [1,2]. Proliferating cells and
poorly differentiated tissues commonly express shorter,
proximally polyadenylated mRNAs. Conversely, highly
differentiated and quiescent cells express longer, distally
polyadenylated mRNAs [3,4]. Cancer cells, which are
characteristically proliferative and poorly differentiated,
often produce shorter and proximally polyadenylated
mRNAs [5e7]. While these polyadenylation patterns can be
transcriptome wide, and involve thousands of mRNA tran-
scripts, changes in PAS selection are not yet predictable for
a given gene, cell type, tissue type, or biologic state.
Therefore, alternative polyadenylation (APA) analyses are
currently necessary to detect changes associated with each
disease or condition. The extent and role of APA in prostate
biology and prostate disease remains essentially undeter-
mined. We hypothesize that APA may be of particular in-
terest for prostate cancer (PCa) given the potential for links
between APA and features associated with PCa aggres-
siveness, including differentiation state and Gleason grade,
proliferation index and risk of biochemical recurrence, and
alternative mRNA processing and therapeutic resistance.
The unique prostatic transcriptome may produce novel
transcript isoforms, through APA, that could serve as pre-
dictive biomarkers or therapeutic targets for PCa.

Cleavage and 30-end polyadenylation is a requisite
transcriptional process in eukaryotic messenger RNA mRNA
maturation. It prepares newly transcribed mRNAs for
transport to the cytoplasm and subsequent translation
initiation [8]. The resulting polyadenosine (poly[A]) tail,
approximately 200 nucleotides in length, enhances mRNA
stability and protects the coding sequence (CDS) from 30-
exonuclease degradation. Nearly all human protein-coding
transcripts undergo this critical process, with the excep-
tion of specific histone genes [9].

Recent 30-focused RNA sequencing technologies have
precisely mapped and quantified PAS usage for multiple or-
ganisms, cells, and tissue types. The majority of protein-
coding genes produce multiple mRNA transcripts by differ-
ential PAS site selection [10]. This phenomenon, known as
APA, often occurs within the 30-untranslated region (UTR)
and therefore does not affect the CDS or protein composi-
tion. The 30-UTR encodes critical signals that have evolved to
regulate mRNA stability, protein translation efficiency, sub-
cellular localization, and downstream proteineprotein in-
teractions ([11]). For instance, distal versus proximal
polyadenylation would produce an extended 30-UTR with
additional potential for microRNA (miRNA) binding, which
canonically leads to reduced protein translation and mRNA
destabilization through RNA interference (RNAi) [12]. APA
can also occur prematurely, within introns and coding exons,
producing transcript isoforms with altered coding sequence
and 30-UTRs [13]. Several new tools have been developed to
characterize the diverse mRNA isoforms produced by APA,
and to illuminate their role in biology and human disease [6].

Abnormalities in mRNA 30-end processing have been
broadly linked to human disease. Numerous genes that
harbor mutations within the predominant PAS sequence
have been linked to hematologic, neurologic, endocrine,
and immune diseases, as well as cancer [14]. Similarly,
alterations within mRNA cleavage and polyadenylation
genes can broadly transform mRNA polyadenylation pat-
terns and cause disease and developmental disorders. For
example, expansion of the triplet (GCG) repeats within
the poly(A)-binding protein gene (PABPN1), causes oculo-
pharyngeal muscular dystrophy (OPMD), and results in
transcriptome-wide APA within skeletal muscle [15]. In
another example, genetic ablation of the Cstf2t cleavage
stimulation factor in mice disrupts spermatogenesis and
causes infertility by altering germ cell mRNA poly-
adenylation [16]. In addition to genetic alterations,
changes in the expression of specific mRNA cleavage and
polyadenylation factors can drive APA events that signifi-
cantly alter cell fate, stemness, and cancer progression.
Similarly, epigenetic changes can alter chromatin and PAS
accessibility, linking DNA methylation, APA, and cancer
[17]. To begin to understand the potential role of APA in
PCa, we begin this review by discussing the key factors and
steps in canonical mRNA cleavage and polyadenylation.
2. Genes, complexes, and stages of mRNA
cleavage and polyadenylation

The 30-ends of nearly all eukaryotic mRNA transcripts are
processed by endonucleolytic cleavage and untemplated
polyadenylation. The first step, cleavage is mediated by
three large and intricate cleavage and polyadenylation
(CPA) complexes: The cleavage and polyadenylation spec-
ificity factor (CPSF) complex, the cleavage stimulatory
factor (CSTF) complex, and the cleavage factor complexes
(CFIm and CFIIm) [18]. Differential expression of individual
CPA complex subunits and 30-UTR sequence composition,
can determine mRNA polyadenylation site selection and
therefore 30-UTR length and composition.

Each CPA complex recognizes specific cis-regulatory
sequences on the precursor-mRNA (pre-mRNA), as illus-
trated in Fig. 1. The CPSF complex recognizes and binds to
the PAS sequence [19]. This complex consists of multiple
protein subunits: CPSF160 (CPSF1), CPSF100 (CPSF2),
CPSF73 (CPSF3), CPSF30 (CPSF4), hFip1 (FIP1L1), and
WDR33. Among these, CPSF30 and WDR33 are reported to
directly recognize and bind the PAS [20]. The canonical
PAS sequence is the AAUAAA hexamer, although there are
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Figure 1 Schematic of the cleavage and polyadenylation complex machinery assembled onto a pre-mRNA polyadenylation site.
The CPA complex proteins consist of three major factors: The CPSF complex, the CSTF complex, and the cleavage factor complexes
(CFIm and CFIIm), and other factors (Symplekin, PAP, and PABPN1). CPSFs consist of multiple protein subunits (CPSF30, CPSF73,
CPSF100, CPSF160, hFip1, and WDR33) that collectively recognize and bind to the PAS specifically. CSTFs consist of three subunits
(CSTF50, CSTF64, and CSTF77) that collectively recognize and bind to the GU-/U-rich elements downstream of the PAS. CFIms
consist of three subunits (CFIm25, CFIm59, and CFIm68) that collectively recognize and bind to the U-rich elements upstream of the
PAS. PAPs and PABPN1 are associated with the addition of untemplated adenosines. CFIIms (PCF11 and CLP1) contribute to tran-
scription termination, and symplekin serves as a scaffold protein of CPA machinery. CPA, cleavage and polyadenylation; CPSF,
cleavage and polyadenylation specificity factor; CSTF, cleavage stimulatory factor; PAS, polyadenylation signal; PABPN1, poly(A)-
binding protein nuclear 1; PAPs, poly(A) polymerases.
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numerous PAS variants that are frequently utilized in
mammalian cells [21]. The CSTF complex then recognizes
and binds to GU-/U-rich sequence elements located
downstream of the PAS [22]. This heterotrimeric complex
consists of CSTF50 (CSTF1), CSTF64 (CSTF2), and CSTF77
(CSTF3). The CSTF64 subunit interacts directly with the
GU-/U-rich regions [23]. Finally, the CFIm complex rec-
ognizes and binds the UGUA motifs, or the so-called up-
stream U-rich element, approximately 10e35 nucleotides
upstream of the PAS [24]. The CFIm complex is a hetero-
tetramer consisting of a dimer of smaller CFIm25 (CPSF5/
NUDT21) subunits, which directly bind two UGUA motifs,
and two molecules of the larger CFIm68 (CPSF6) or CFIm59
(CPSF7) subunits [25]. Symplekin serves as a scaffold to
hold together CPA machinery [26].

Once all complexes are bound, the CPSF-73 subunit (of the
CPSF complex) cleaves the pre-mRNA approximately 15e30
nucleotides downstream of the PAS [27]. This most often
occurs after a CA dinucleotide. Following 30-cleavage, a non-
templated poly(A) tail is created by poly(A) polymerases
(PAPs). PAP alpha, encoded by the PAPOLA gene, is the ca-
nonical PAP. There are numerous additional PAP isoforms and
genes that contribute to mRNA polyadenylation in different
cell types and under different conditions [28].
3. Proliferation, differentiation, cancer, and
alternative polyadenylation

Cancer is a disease characterized by rapid cell proliferation,
loss of differentiation, apoptotic resistance, enhanced
cellular motility, invasion, and metastasis. In the context of
rapid cell division and altered differentiation state, cancer
cells generally have increased rates of proximal poly-
adenylation [5]. Proximal polyadenylation can occur within
the coding region (CR-APA) or within the 30-UTR (UTR-APA)
(Fig. 2). Truncation through UTR-APA can activate proto-
oncogenes, by removing miRNA binding sites and increasing
mRNA stability and protein translation [5]. Premature poly-
adenylation within introns, or intronic polyadenylation (IPA),
is also associated with cellular proliferation and cancer [29].
IPA is a form of CR-APA, because it can generate truncated
protein isoforms with altered amino terminal peptides. This
can be a double-edged-sword in cancer by either inactivat-
ing tumor suppressor genes or generating dominant-negative
protein isoforms that act as oncogenes [29]. While transcript
shortening by APA is generally associated with human can-
cer, it is not necessarily active in all cancer cells, and it does
not affect all expressed genes [30]. It is therefore important
to investigate APA in specific cell and tissue types, in order
to identify mechanisms of activation and effects on gene
expression and disease phenotype. These studies may iden-
tify new biomarkers of disease progression or treatment
response, or new pathways and therapeutic targets. To date
there is limited knowledge regarding APA prevalence in PCa,
the genes most commonly regulated by APA in PCA, or the
role of APA in specific PCa cells or phenotypes.
4. Oncogene activation through APA

Widespread APA in cancer can broadly affect gene expres-
sion. One major class of genes that are particularly
affected by UTR-APA are oncogenes [7]. Below we briefly
review selected oncogenes that can be activated by APA
and consider their activity in PCa biology.



Figure 2 Schematic of CR and UTR APA. APA can be classified as CR-APA and UTR-APA. CR-APA occurs when cleavage and pol-
yadenylation takes place within the coding region or within coding region introns, resulting in truncated protein isoforms. U1snRNP
recognizes and blocks early polyadenylation signals to prevent premature cleavage and polyadenylation. UTR-APA occurs when
mRNAs encode more than one polyadenylation signal within the 30-UTR. Proximal polyadenylation generates transcript isoforms
with shorter 30-UTRs and potentially fewer miRNA and RNA binding protein binding sites. Several factors, including NUDT21, CPSF6,
and PABPN1 have been reported to inhibit proximal polyadenylation. APA, alternative polyadenylation; CR, coding region; UTR,
untranslated region; RBP, RNA binding proteins; PAS, polyadenylation signal.
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4.1. Cyclin D1 (CCND1)

CCND1 is an established human proto-oncogene and critical
regulator of the G1/S cell cycle transition [31]. The CCND1
gene produces two isoforms through alternative splicing and
polyadenylation, Cyclin D1a and Cyclin D1b. Cyclin D1a
comprises exons 1e5, while Cyclin D1b comprises exons 1e4
due to premature polyadenylation within the fourth intron
[32]. The Cyclin D1a transcript is also susceptible to UTR-
APA, generating shorter and longer 30-UTR isoforms [33].
Cyclin D1b, and the proximally polyadenylated isoform of
Cyclin D1a, enhance proliferation and cell cycle progression
[34]. Cyclin D1 is notably susceptible to APA in a broad array
of cancer cell lines and cell types [5]. PCa cell lines tend to
express lower levels of Cyclin D1 30-UTR, when compared to
prostate epithelial cells, potentially making Cyclin D1
expression less susceptible to miRNA regulation in PCa [35].

4.2. Cell division cycle 6 (CDC6)

CDC6 is an essential regulator of DNA replication and cell
cycle progression [36]. In breast cancer cell lines, 17b-
estradiol (E2) induces proximal UTR-APA of CDC6 transcripts,
leading to shorter CDC6 transcripts and increased CDC6
protein expression in estrogen receptor positive (ERþ)
breast cancers [37]. This may be the first evidence that
steroid signaling can regulate APA in cancer. In PCa, CDC6
expression is induced by the activated androgen receptor
(AR) through an androgen response element within the gene
promoter [38]. CDC6 expression increases with PCa pro-
gression, is correlated with AR expression, and promotes
resistance to combined AR and Chk1/2 inhibition [39]. The
prevalence of CDC6 APA in PCa, and its contribution to dis-
ease progression and resistance, remains undefined.
4.3. High mobility group AT-hook 2 (HMGA2)

HMGA2 is a high mobility group, non-histone, regulator of
chromatin structure [40]. In cancer, HMGA2 gene
expression is often elevated. One mechanism of increased
expression is through the loss or inhibition let-7 miRNAs,
which have as many as eight binding sites in the HMGA2 30-
UTR [41]. Genetic rearrangement also activates HMGA2 in
cancer, by generating highly active and truncated HMGA2
protein isoforms, or by truncating the HMGA2 30-UTR and
eliminating let-7 binding sites and RNAi-mediated sup-
pression [42]. In PCa, HMGA2 protein levels are elevated
and HMGA2 over-expression leads to epithelial-to-
mesenchymal transition (EMT) [43]. This is particularly
apparent in treatment-induced neuroendocrine prostate
cancer (t-NEPC), where elevated LIN28B expression re-
presses let-7d maturation and causes elevated HMGA2 and
SOX2 over-expression [44]. While HMGA2 could also escape
let-7 repression through APA, this does not appear to be a
predominant mechanism in cancer. HMGA2 was investi-
gated as part of an APA study that applied several non-
transformed and cancer cell lines and focused on 23
different genes, each with multiple PASs and high potential
for miRNA regulation [5]. No notable APA was reported for
HMGA2 in this study, although PCa cells or tissues were not
included in the analysis. Further studies are needed to
determine whether the APA of HMGA2 is relevant to PCa
biology.

4.4. AR

The AR is a steroid hormone receptor that is necessary for
prostate development, and it is the primary therapeutic
target for metastatic PCa. Castration resistant PCa (CRPC)
frequently exhibits AR gene overexpression, amplification,
mutation, or alternative splicing. AR-V7 is a constitutively
active and alternatively spliced isoform of AR that is asso-
ciated with CRPC and resistance to abiraterone and enza-
lutamide therapies [45,46]. The AR-V7 transcript includes
exons 1e3 of AR and terminates at a single PAS within intron
3. This premature cleavage and polyadenylation (PCPA)
event deletes the C-terminal ligand-binding domain of AR,
resulting in ligand-independent AR activity. AR-V7 poly-
adenylation can be inhibited by transfecting morpholinos
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that target and block the PAS within the third intron. These
morpholinos reduce AR-V7 mRNA and protein expression,
increase full-length AR protein expression, and inhibit
androgen-independent growth of 22Rv1 PCa cells [47]. The
targeted inhibition of CPSF1 or CPSF3, with siRNA trans-
fection, also reduces the expression of AR-V7 and causes an
increase in full-length AR transcription. These discoveries
uncover PAS and CPA inhibitors as a potential new class of
therapeutic targets for CRPC.

5. Aberrant polyadenylation factor expression
is associated with cancer

There is emerging evidence that differential CPA factor
gene expression can alter PAS site selection and cellular
phenotype. Several studies have identified the CFIm com-
plex as a critical regulator of UTR-APA. Below we discuss
some of these factors and consider their activity in PCa
biology.

5.1. Nudix hydrolase 21 (NUDT21, CFIm25, and
CPSF5)

Several RNAi library screening strategies have been applied
to identify genes that contribute to APA. Masamha and col-
leagues [48] combined CPA factor knockdown by siRNA with
an RT-PCR-based assay for APA in HeLa cells. The NUDT21
gene, which encodes the CFIm25 protein, was identified as a
key suppressor of proximal PAS site selection within the 30-
UTR. In this study, NUDT21 knockdown resulted in the 30-UTR
truncation of at least 1450 gene transcripts. In a separate
study, NUDT21 was again identified as a top hit in an RNAi
screen designed to identify genes that control cell fate
during pluripotent stem cell induction [49]. NUDT21 shRNAs
were among the strongest and most consistent enhancers of
cell fate reprogramming, largely by enhancing the proximal
30-UTR polyadenylation of chromatin regulatory genes.
NUDT21 knockdown has also been shown to increase the
growth of U-251 and LN-229 glioblastoma (GBM) tumors in
mice, while NUDT21 over-expression inhibited growth [48].
Significant shifts in proximal PAS use were also reported in
GBM patient samples with low NUDT21 gene expression.
Additional studies have supported the tumor suppressive
nature of NUDT21, while others have found NUDT21 to pro-
mote cancer growth, indicating that this gene may have
conflicting roles in different cancers or cell types [50].

The role of NUDT21 in PCa biology and APA remains un-
defined. At the time of writing this article, PubMed
searches for “NUDT21 AND Prostate”, “CPSF5 AND Pros-
tate”, or “CFIM25 AND Prostate” provided zero results.
Publicly available data suggest that NUDT21 is very rarely
mutated in PCa, with only two mutations identified in over
4000 PCa cases (primary and metastatic combined) using
cBioPortal [51,52]. However, analysis of the Cancer
Genome Atlas PCa dataset (TCGA-PRAD) using the UALCAN
portal indicates moderately reduced NUDT21 expression in
PCa, when compared to normal tissue (�1.34 fold,
pZ5.6�10�7) [53]. Recent studies have identified a mech-
anism for the post-translational degradation of the NUDT21
protein, CFIm25, through the cancer testes antigen and
ubiquitin ligase, MAGEA11 [54]. Re-expression of MAGEA11
drives ubiquitination of the CFIm25 cofactor, PCF11, lead-
ing to loss of CFIm25 from the 30 end processing complex
and broad 30-UTR transcript shortening and enhanced tumor
growth. It is notable that MAGEA11 is an established AR co-
regulator, and its expression is increased in aggressive PCa
[55,56]. However, direct links between MAGEA11, NUDT21,
and APA are currently lacking in PCa. Further studies are
needed to determine whether MAGEA11 or androgen
signaling regulates APA in PCa cells through the CFIm
complex.
5.2. Cleavage and specificity factor 6 (CPSF6 and
CFIm68)

Using a combination of 30-targeted mRNA sequencing and
PAR-CLIP mapping of CPA factor binding sites, Martin and
colleagues [57] comprehensively defined the 30-end pro-
cessing and APA of the HEK293 cell transcriptome. The
results found that CFIm proteins have much higher posi-
tional specificity within mRNA cleavage sites, when
compared to CPSF components. CPA factor knockdown
studies identified CFIm68, encoded by the CPSF6 gene, as
a key suppressor of proximal PAS usage within the 30-UTR.
The CPSF6 gene product, CFIm68, interacts with a long
noncoding RNA (lncRNA), CCAT2, to affect metabolism in
colon cancer [58]. The CCAT2 gene spans a single nucle-
otide polymorphism (SNP) associated with higher risk of
colon cancer [59]. In an allele specific fashion, CCAT2
binds to the CFIm68 and CFIm25 protein complex, leading
to altered glutaminase (GLS) splicing and polyadenylation
to preferentially generate a more catalytically active
isoform of GLS, known as GLS isoform C (GAC). In breast
cancer, CPSF6 has tumor promoting functions in the
aggressive luminal B, HER2-overexpressing, and triple
negative subtypes. In these models, CPSF6 knockdown
inhibited proliferation, colony formation, and tumor
growth [60]. Immunohistochemistry analysis of tissue
microarrays further found that CPSF6 protein expression
was positively correlated with aggressive breast cancer
and poor patient outcomes.

The expression and function of CPSF6 in PCa remains
relatively undefined. Interestingly, CPSF6 was identified as
one of several genes that had a greater proportion of
unspliced RNA in CRPC when compared to normal prostate
epithelium, untreated primary PCa, and PCa cells [61].
UALCAN portal gene expression analysis of the TCGA-PRAD
dataset indicates that CPSF6 expression is moderately, but
significantly, elevated in prostate tumor tissue (1.13 fold,
pZ2.3�10�7) [53], and cBioPortal analysis suggests that
CPSF is mutated in less than 1% of PCa. At the time of writing
this article, there have been no other reports of CPSF6 gene
expression or activity in PCa. However, the CCAT lncRNA,
which interacts with the CFIm25/CFIm68 complex, is over-
expressed in aggressive PCa and it correlates with tumor
grade and metastasis [62]. The CCAT2 SNP, rs698326, has
also been associated with prostate cancer risk [63]. Func-
tional studies found that CCAT2 knockdown inhibited PCa
cell line growth, migration, and invasion, although it has not
been determined whether this involved CFIm25/CFIm68
complex regulation or APA [62]. Further studies are needed
to examine this gene and pathway in PCa.
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5.3. PABPN1

The canonical role of PABPN1 involves direct binding to the
nascent poly(A) tail (Fig. 1), stimulation of PAP, and control
of poly(A) tail length [64]. PABPN1 binding sites have been
used to map the 30-termini of mRNA through an approach
called PAPERCLIP [65]. Recent studies suggest that PABPN1
plays an important role in APA. Similar to NUDT21 and
CPSF5, PABPN1 was identified as a potent suppressor of
proximal PAS selection in an RNAi screen (Fig. 2, UTR-APA)
[15]. Further supporting this discovery, reduced PABPN1
expression is associated with 30-UTR shortening and poor
prognosis of non-small cell lung cancer [66]. In a separate
bioinformatic analyses of APA across multiple cancer types
in the cancer genome atlas (TCGA), PABPN1 was identified
as the factor most correlated with distal PAS usage [67].
These results are consistent with the functional role of
PABPN1 as a suppressor of proximal PAS site selection.
However, the elevated level of PABPN1 in many TCGA
cancer types (when compared to normal) is inconsistent
with the central dogma of proximal APA in cancer, because
elevated PABPN1 would lead to 30-UTR lengthening rather
than shortening in cancer. Further studies are needed to
clarify the role of PABPN1 in APA in cancer biology and
management. The expression and role of PABPN1 in pros-
tate tissue and PCa remains relatively undefined.

5.4. U1 snRNP

The U1 snRNP is the first spliceosomal RNA-protein complex
to bind to pre-mRNA, and to initiate assembly of the spli-
ceosome [68]. Interestingly, U1 snRNP also plays critical roles
in polyadenylation at two different locations in the gene
body. At terminal exons, the U1 snRNP interacts with PAP to
regulate polyadenylation [69]. The U1 snRNP also binds to
cryptic PAS within introns, to prevent PCPA and CR-APA
(Fig. 2) [70]. In a process call telescripting, the U1 snRNP
binds to PAS sequences located within the initial introns of a
gene transcript and prevents PCPA and termination [71].
Telescripting is particularly important for larger genes,
where hexamer PAS sequences are more abundant [72].

Functional links between U1 snRNP and cancer are
beginning to emerge. U1 snRNP inhibition with U1 anti-
sense morpholinos (AMOs) inhibits cancer cell prolifera-
tion, migration, and invasion, and alters mRNA splicing and
polyadenylation [73]. Several studies are providing
remarkable links between U1 snRNP gene expression, can-
cer, DNA repair, and cyclin dependent kinase 12 (CDK12)
gene mutation or inhibition. DNA damage induction,
through ultraviolet (UV) exposure, causes a widespread
increase in intronic polyadenylation and reduced U1 snRNP
expression in RKO colon cancer cells [74]. Widespread
intronic polyadenylation is also observed following CDK12
gene depletion, leading to loss of homologous recombina-
tion repair (HRR) gene transcript expression through PCPA
[75]. CKD12 is an important RNA polymerase II kinase that is
frequently mutated in several cancer types, including PCa.
In human tumors, CDK12 mutation is associated with
increased IPA of DNA repair gene transcripts, including
ATM, FANCD2, and WRN. Moreover, two studies found that
direct inhibition of CDK12 activity with THZ531, a CDK12/13
inhibitor, drives PCPA of several HRR genes in multiple
cancer cell lines, including 22RV1 and PC-3 [75,76].
Notably, longer gene length and lower U1 snRNP/PAS ratios,
among other factors, are associated with THZ531-induced
PCPA [76]. This pathway is clinically relevant to PCa,
because approximately 5% of metastatic CRPCs harbor
CDK12 mutations [77]. PCa with CDK12 mutations exhibit a
unique genomic signature of focal tandem duplications
(FTDs), increased gene fusions, neoantigen production, and
increased T cell infiltration.

6. APA: An untapped source for PCa
biomarkers?

The majority of men diagnosed with PCa may never require
treatment for their disease. These very-low and low-risk
patients undergo observation or active surveillance to treat
symptoms rather than to cure the cancer, or to detect
cancer progression that will require future treatment. While
these men have a very low risk of death from PCa, a smaller
but significant percentage of men are diagnosed with, or
progress to, a much more aggressive form of the disease. In
fact, PCa remains one of the leading causes of cancer death
for men around the world. This deviation between indolent
and lethal PCa underscores a major unmet need for this
disease. There is a need for novel biomarkers that can
detect clinically relevant or potentially lethal PCa early.
These biomarkers could be useful for both diagnosis and
patient management, to distinguish aggressive from indolent
disease in newly diagnosed patients, and to monitor for
disease progression in patients undergoing observation or
active surveillance. This information is critical to guide de-
cisions for treatment. We posit that APA may generate novel
RNA biomarkers that correlate with PCa aggressiveness.

The Gleason grading system is one of the most powerful
and most consistently proven indicators of PCa aggressive-
ness and disease outcome [78]. It is defined by histologic
patterns of tissue and glandular shape and organization
that range from well differentiated, to moderately differ-
entiated and finally to poorly differentiated carcinoma.
The Gleason score (GS) increases as the tissue becomes
more poorly differentiated. For several decades countless
biomarkers have been measured against the GS, but very
few are able to provide significant additional or indepen-
dent prognostic information. One of the few additional
measurements that have been repeatedly informative is
cellular proliferation, which can be measured by Ki-67
staining, mitotic index, or S-phase fraction [79,80]. Given
the relationships between APA, transcript shortening, can-
cer, proliferation, and loss of differentiation (Fig. 3), we
posit that prostate-specific or PCa-associated genes may
undergo APA throughout disease progression. If sufficiently
prostate-specific, these APA events could serve as bio-
markers in tissue or bodily fluids, such as blood or urine.
Tissue specificity is paramount, because other cell types
with varying proliferation and differentiation states could
also be present in blood and urine.

While the expression and contribution of APA to PCa
development remains to be elucidated, there is evidence of
APA in at least one human dataset. Xiang and colleagues
[67] performed a comprehensive analysis of APA from



Figure 3 Alternative polyadenylation: An untapped source for prostate cancer biomarkers? Schematic to demonstrate shared
relationships between APA and PCa progression. Carcinogenesis and cancer progression are associated with decreasing differen-
tiation state and increasing cellular proliferation. Distal polyadenylation, IPA, and 30-UTR shortening are similarly associated with
proliferation, loss of differentiation, and cancer development. The mechanisms and relationships between APA and cancer remain
incompletely defined. We hypothesize that these APA events could create unique transcript isoforms that could serve as diagnostic
or prognostic biomarkers for prostate cancer and other urologic malignancies. APA, alternative polyadenylation; IPA, intronic
polyadenylation; PCa, prostate cancer; UTR, untranslated region.
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multiple TCGA datasets using an algorithm called DaPars,
which calculates the Distal PolyA site Usage Index (PDUI)
from standard RNA sequencing data. The study reported
12 527 APA events in the TCGA-PRAD database of primary
PCa samples. Comparable levels of APA events were found
in other cancer types, ranging from 11 650 in hepatocellular
carcinoma to 14 547 in breast cancer. Clinically relevant
APA events were defined as those that were associated with
changes in overall survival; however, this cannot be reliably
determined for PCa due to the low level of patient death in
the TCGA-PRAD cohort. Further studies are needed to
identify and characterize alternatively polyadenylated
transcript isoforms associated with clinical and pathologic
features of PCa including stage, grade, biochemical recur-
rence, metastasis, and therapeutic resistance. These
events, if sufficiently prostate-specific or PCa-specific, may
serve as potential new biomarkers for PCa management.

7. Conclusion

A number of studies indicate that the 30-UTR shortening and
IPA are associated with cancer and aggressive features of
cancer. The regulatory mechanisms of APA are complex,
and the relationships between APA and cancer develop-
ment and progression remain to be fully elucidated for
multiple disease types. This developing field may be a new
resource for diagnostic, prognostic, and therapeutic bio-
markers for PCa.
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