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The transcriptome of prostate cancer is highly heterogeneous, with noncoding transcripts being
essential players. Long noncoding RNAs (IncRNAs) and circular RNAs (circRNAs) are two unique
classes of noncoding RNA drawing increasing attention. Biologically, they have intriguing prop-
erties with important regulatory functions. Clinically, they present as promising biomarkers and
therapeutic targets. Recent advancements in technologies have opened up new directions for
noncoding RNA research, which include RNA-protein interaction, RNA secondary structure,
and spatial transcriptomics. Furthermore, recent work has also evaluated the clinical applications
of these noncoding RNAs in noninvasive liquid biopsy and RNA-based therapies. In this review,
we summarize recent findings on IncRNAs and circRNAs in prostate cancer, discuss their clinical
utilities, and highlight these exciting areas of research.

Noncoding Transcriptome of Prostate Cancer

Noncoding RNAs (ncRNAs) (see Glossary) are emerging as important regulators in different disease
processes including cancer. Historically ncRNAs are classified into short and long ncRNAs based on
the 200-nucleotide cutoff in mature transcript length [1]. Short ncRNAs include more well-defined
species like miRNAs and small interfering RNAs (siRNAs). Long noncoding RNAs (IncRNAs) can be
further classified into subgroups based on their genomic localization and evolutionary lineage, which
includes long intergenic RNA (lincRNA), antisense RNAs, sense intronic RNAs, enhancer RNAs (eR-
NAs), and pseudogenes. Recently, circular RNAs (circRNAs) were presented as a new class of perva-
sive RNA with regulatory potential [2-5]. Although there is sparse evidence that some IncRNAs and
circRNAs can be translated [6-11], the majority of these RNA species are still considered noncoding.

In cancer, many ncRNAs are aberrantly expressed, and show evidence of function in oncogenesis or
tumor progression [4,12-16]. In particular, miRNA has been studied extensively in different cancer
types, including prostate cancer [17,18]. Recently, it was reported that many miRNAs are induced
by hypoxia, and that hypoxia-suppressed miR-133a-3p can play a tumor suppressive role in prostate
cancer [18]. In addition, many miRNAs are also being actively evaluated as biomarkers for prostate
cancer progression, especially for noninvasive liquid biopsy application with blood and urine samples
[19,20]. Aside from miRNAs, IncRNAs and circRNAs are relatively new players in the ncRNA field and
are less well understood. Nonetheless they are gaining widespread attention for their abundance in
number, expression specificity, functional roles in diseases, and potential clinical applications
[2,4,13,21-24]. This review discusses recent developments in the ncRNA field in prostate cancer,
with a focus on IncRNAs and circRNAs.

Emerging New ncRNA Players in Prostate Cancer
Long ncRNA

IncRNAs are a unique class of RNA that share some similarities with protein-coding mRNAs, but
generally do not code for proteins. While once considered to be transcriptional noise, research
data from the past decade have highlighted IncRNAs as a pervasive class of ncRNA with important
biological roles [12-14,21-23].

Biogenesis and Identification

Similar to protein-coding mRNAs, IncRNAs are transcribed by RNA polymerase Il and can undergo
post-transcriptional splicing and modifications in the nucleus. In the genomic era, large transcrip-
tomic studies driven by international efforts have revealed IncRNA to be one of the most pervasive
classes of RNA in the human transcriptome, subsequently driving investigations into its functional
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roles. In 2012, the GENCODE Consortium identified 9640 IncRNA loci and 15 512 transcripts [25].
With the development and adoption of newer technologies such as Capture Long Seq [264], the cur-
rent version of GENCODE reports 16 193 IncRNA loci and 30 369 transcripts (https://www.
gencodegenes.org/human/stats.html). The FANTOM Consortium recently profiled 1829 human tis-
sues and cell lines using the Cap Analysis Gene Expression technique pairing with RNA sequencing
(RNA-seq) to identify 27 919 high-confidence IncRNAs with annotated 5 ends [27] (Figure 1A). With
continuous improvements in sequencing and computational technologies, additional lowly or tran-
siently expressed IncRNAs will likely be identified in the future, thus driving the increase in total num-
ber of IncRNAs in our transcriptome. These discoveries consequently resulted in the accompanying
increase in scientific interest to functionally interrogate this large class of ncRNA.

Function

IncRNAs can regulate the expression of downstream target genes through different mechanisms,
such as the recruitment of chromatin regulators and transcription factors [21,22,28]. Under normal
physiological conditions, INcRNAs can play essential roles in processes such as development and
cell differentiation [29-31]. However, not all IncRNAs are functional, as some may be byproducts of
nearby transcription. As a result, different methods have been explored to prioritize functionally
important candidates (Figure 1B), including conservation [32], differential expression [22,33], associ-
ation with clinical features [21], and association with SNPs [22,23] or oncogenic mutations [34].
Notably, noncoding SNPs associated with prostate cancer can regulate gene expression by modu-
lating transcription factor binding [35], and their association with IncRNAs can be exploited to reveal
functional IncRNA candidates [22,23].

Genome-wide functional screens mediated by variants of CRISPR technology have also revealed
important roles of hundreds of IncRNAs [36-39] (Figure 1C). While these screens did not focus on
prostate cancer, similar approaches can be taken to reveal prostate-specific INcRNA candidates. It
is important to note that the conventional CRISPR deletion approach through nonhomologous end
joining (NHEJ) has limited efficacy in studying IncRNAs due to their lack of protein-coding potential.
On the contrary, the paired-guide CRISPR approach deleting the promoters of IncRNAs can effec-
tively modulate their abundance at the RNA level [40]. Alternatively, CRISPR interference (CRISPRi)
and CRISPR activation (CRISPRa) can also efficiently suppress and enhance the expression of
IncRNAs, respectively, and can be adapted for high-throughput screens [36,37,39]. In particular,
the CRISPRa approach was recently coupled with drug treatment to reveal candidate drivers of
drug resistance [39]. Aside from promoters, the splice sites of IncRNAs may also be suitable targets
for CRISPR-based screens [38].

Prostate Cancer

IncRNAs are often aberrantly expressed in cancer. Possible mechanisms include oncogenic muta-
tions, SNPs, copy number variation (CNV), and aberrant DNA methylation and histone modifications
[22,23,41]. One of the most comprehensive IncRNA catalogs, particularly for cancer, is the miTran-
scriptome catalog generated from the meta-assembly of 7256 RNA-seq libraries from normal and tu-
mor tissues and cell lines [13]. This catalog identified 58 648 IncRNAs across multiple tissues and can-
cer types, including 727 prostate-cancer-specific IncRNAs (Figure 1A). Transcriptomic studies
comparing the RNA expression profiles of a large number of prostate cancer tumors and benign tis-
sues have also revealed hundreds of prostate-cancer-associated IncRNAs, including PCAT1, PCAT14,
PVT1, PCAN-R1, and PCAN-R2[12,42]. Moreover, several published prostate cancer RNA-seq data-
sets are available [43-47], and can be reinterpreted for IncRNA candidates [4,22].

In recent years, numerous studies have illustrated the functional roles of various individual IncRNAs in
prostate cancer through in vitro cell line and in vivo xenograft models [21-23,33]. For instance, upre-
gulation of INcRNA PCATT in prostate cancer was found to recruit androgen receptor (AR) and Lysine-
Specific Histone Demethylase 1A (LSD1) to upregulate late androgen response genes, thereby pro-
moting prostate cancer cell growth in both cell line and xenograft models [22]. Another study re-
ported that PCAT1 can act as a miRNA sponge for miR-34a to stabilize the oncogene MYC [48].
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Glossary

Antisense oligonucleotide (ASO):
a single-stranded DNA or RNA
molecule that can bind to target
RNAs to mediate their silencing or
degradation through the endo-
nuclease RNase H.

Back-splicing: a noncanonical
splicing process involving a
downstream splice donor and an
upstream splice acceptor, which
ligates the RNA specie into a cir-
cular form.

Circular RNA (circRNA): cova-
lently closed circular transcript
generated through back-splicing.
CRISPR (clustered regularly in-
terspaced short palindromic re-
peats): short segment of DNA re-
peats that, along with the
endonuclease Cas9, forms the
bacterial defense system against
foreign genetic material, which is
later adapted as a genome edit-
ing technology.

CRISPR activation (CRISPRa):
variation of the CRISPR-Cas9
genome editing technology
involving a Cas9 protein without
its endonuclease activity (dCas9)
fused to active domains such as
VP64 to enhance gene
expression.

CRISPR interference (CRISPRI):
variation of the CRISPR-Cas9
genome editing technology
involving dCas9 fused to repres-
sive domains such as KRAB to
suppress gene expression.
Endonuclease: enzyme that can
cleave DNA or RNA molecules
internally .

Enhancer RNA (eRNA): class of
ncRNAs transcribed from active
enhancers.

Exonuclease: enzyme that can
degrade DNA or RNA molecules
from their 5 or 3" ends.
Exosomes: extracellular vesicles
released from cells that may
contain DNA, RNA, or proteins.
FANTOM (Functional ANnoTa-
tion Of the Mammalian genome)
Consortium: a large international
research consortium led by the
RIKEN research institute to iden-
tify functional elements in the hu-
man genome.

GENCODE Consortium: scientific
consortium established by the
National Human Genome
Research Institute (NHGRI) that is
a part of the ENCyclopedia Of
DNA Elements (ENCODE)
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With continual advancements in sequencing technologies and development of new molecular and
cellular biology tools, it is currently an exciting time for the field of IncRNA research in prostate can-
cer. Discovery of additional IncRNAs dysregulated in prostate cancer pairing with genome-wide func-
tional screens will undeniably yield a large repertoire of clinically actionable IncRNAs in prostate
cancer.

circRNA

circRNA is a type of RNA that undergoes back-splicing and forms a covalently closed loop. Although
once considered as sporadic events and mis-splicing byproducts, circRNAs are now believed to be a
large class of regulatory RNAs [2,3]. The identification and functional characterization of CDR1as [3],
coupled with the first circRNA profile [2], initiated a burst in the field of circRNA research. Accumu-
lating evidence suggests important roles for circRNAs in various diseases, including cancers [49-53].

Biogenesis

circRNAs are the result of an inefficient back-splicing process, which largely shares the canonical ma-
chineries of RNA splicing (Figure 2A). Most current research focused on circRNAs derived from known
genes. While escaping from debranching can result in intronic circRNAs [54-56], different mecha-
nisms are implicated for the generation of circRNAs consisting of exonic sequences. Various regula-
tory sequences [57,58] and protein factors [58-62] are involved in the process and circRNAs can be
produced co- [63] and/or post-transcriptionally [64,65].

Introns flanking the circularized exons are often enriched for complementary sequences such as in-
verted repeat Alu elements. Such sequences can bring the flanking introns into close proximity by
forming a hairpin structure [57]. While certain levels of collaboration between the flanking intron
and exon sequences were observed, the mechanism is yet to be defined [64]. Not all circularization
requires complementary sequences. Insertion of quaking (QKI) binding motifs into linear RNA can
induce back-splicing, possibly due to dimerization of QKI proteins that bind to the motifs. Other
splicing factors like MBL [59], heterogeneous nuclear ribonucleoproteins (hnRNPs) [63], FUS [66],
and NF90/NF110 [61] are also reported to modulate circRNA levels. In the Drosophila system, deple-
tion of canonical splicing components, including SF3a and SF3b, can favor the generation of circRNAs
over their linear counterparts [62].

circRNAs are mostly produced post-transcriptionally. Indirect evidence for post-transcriptional circu-
larization is the requirement of polyadenylation (poly-A) on the linear transcripts for circRNA produc-
tion [64]. Using 4-thiouridine (4sU) incorporation experiments, direct evidence that most circulariza-
tion happens post-transcriptionally have been reported [65].

Function

While specific DNA sequences and protein factors are shown to facilitate RNA circularization
[57,60,62,67], direct regulators for the tissue/cell type specific circRNA expression remains unclear.
As such, an important question is whether the tissue/cell type-specific expression is a result of tight
regulation or stochastic choice of different circular isoforms. Current evidences seem to support both
hypotheses: on the one hand, most circRNAs are of low abundance, and global circRNAs level can be
affected by a single event such as limitation in canonical splicing machinery [62] or viral infection [67].
On the other hand, hundreds of highly abundant circRNAs were identified, some with higher abun-
dance than their linear counterparts [4,16,67]. Individual circRNAs can regulate specific gene expres-
sion, be oncogenic, and convey proliferative advantages [3,4,24,68,69].

Since most circRNAs are produced from the exons of known linear genes, they can regulate the abun-
dance and function of these linear transcripts. Specifically, an increase in RNA circularization can lead
to reduction of linear transcripts. The resultant circRNAs can further compete for RNA binding pro-
teins through sequence homology with the corresponding linear transcripts. In addition, some mech-
anisms of circRNAs share similarities to that of IncRNAs (Figure 2A,B). They can activate gene expres-
sion by recruiting transcription factors to promoters [69], and act as protein/miRNA sponges or
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Project, and aims to annotate the
human and mouse genomes.
Liquid biopsy: noninvasive form
of biopsy involving analysis of
body fluid, such as blood and
urine.

Long noncoding RNA (IncRNA):
class of ncRNA over 200 nucleo-
tides in length.

miRNA: large class of small
ncRNA that is 22 nucleotides in
length, and plays an important
role in RNA interference pathways
through the RNA-induced
silencing complex (RISC).

miRNA sponge: biological mole-
cule that can sequester specific
miRNAs, and prevent them from
targeting and degrading endog-
enous RNAs.

Noncoding RNAs (ncRNAs): RNA
molecules that do not contain ca-
nonical open reading frames, and
are thus not normally translated
into proteins.

Pseudogenes: class of ncRNAs
with strong homology to protein
coding genes, that are not trans-
lated into proteins.

RNA interference (RNAI): biolog-
ical process involving RNA-
dependent cleavage of target
RNA molecules, typically medi-
ated by the RISC complex
composed of miRNAs or small
interference RNAs (siRNAs) and
an endonuclease Augonaute.
Single cell RNA sequencing
(scRNA-seq): type of RNA
sequencing technology that cap-
tures and sequences the RNA
molecules of each individual cell.
SNP: inheritable genetic variation
at a single nucleotide base pair
between individuals of a
population.
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Figure 1. Current Landscape of Long Noncoding RNA (IncRNA) Research.

(A) Number of annotated IncRNA transcripts from publicly available databases. (B) Nonscreening-based methodologies for identifying functional IncRNAs.
(C) CRISPR-based screening approaches for identifying functional IncRNA candidates. Abbreviations: CRISPRa, CRISPR activation; CRISPRi, CRISPR
interference; sgRNA, single guide RNA.

scaffolds [70]. The circular form can also lead to circRNA specific properties. circRNAs are resistant to
miRNA recruited exonuclease due to the lack of open ends, and this in turn can stabilize miRNAs
upon binding [4,70]. It is worth noting that, despite being the most frequently studied mechanism,
regulating miRNA might not be as unique and potent as was deduced from the CDR1as example
[3,71].

Prostate Cancer

The lack of 3’ poly-A, low abundance, and overlapping sequence with linear transcripts previously
underestimated the number of circRNAs in the high-throughput sequencing era. Recent studies
have highlighted the prevalence and highly tissue/cell type-specific expression of circRNAs across
various disease conditions [2]. Over 400 000 unique circRNAs have been identified to date [4,16],
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which is more than twice the number of linear transcripts. However, this number is still likely under-
estimated because we do not fully understand the regulation of circRNA biogenesis.

Recent studies have revealed a widespread and functional RNA circularization landscape in prostate
cancer [4,16]. Hundreds of circRNAs that are differentially expressed among normal tissue, primary,
metastatic castration-resistant, and neuroendocrine prostate cancer have been identified, and some
can convey proliferation advantage independently. The overall level of RNA circularization is tightly
correlated to prostate cancer aggressiveness, and individual circRNAs usually harbor prognostic in-
formation that differs from their linear counterparts. Moreover, circRNAs have higher stability
compared with their linear counterparts, and thousands are detected in human blood plasma and pa-
tient urine exosomes, making them ideal candidates for minimum to noninvasive biomarkers (Fig-
ure 2C). These studies together have revealed a remarkably complex layer rich in diagnostic and ther-
apeutic opportunities in the prostate cancer transcriptome.
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(A) A schematic showing biogenesis of circRNAs through the noncanonical back-splicing process, and their reported functional mechanisms. (B) A panel
highlighting the importance of RNA secondary structure in mediating protein binding. (C) A panel depicting superior stability of circRNA compared with

their linear counterparts due to its exonuclease-resistant properties. Abbreviation: RNase R, Ribonuclease R.
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New Areas of ncRNA Research

It has become evident that investigating the binding partners and structures of ncRNAs are crucial for
understanding their functional mechanisms. In addition, given that prostate cancer is a highly hetero-
geneous cancer [72,73], it would be important to explore these cell type specific ncRNAs at an intra-
tumor level. Recent development of new technologies will allow us to address these key areas of
ncRNA research that were not possible decades ago.

ncRNA-Protein Interaction

Identifying the interacting partners is one of the first steps of IncRNA/circRNA functional research,
from which we can gain insights into related pathways and mechanisms. For example, IncRNA
SChLAPT was found to interact with the SWltch/sucrose nonfermentable (SWI/SNF) complex, sug-
gesting that it may function through modulating chromatin remodeling and accessibility [21].
Recently, a panel of circRNAs were found to interact with nucleic acid receptors with antiviral activity,
suggesting their role in regulating the immune response [5]. To uncover binding partners, various
in vitro and in vivo RNA pulldown methods have been developed [74-76].

Traditional RNA pulldown methods rely on the use of modified DNA or RNA probes targeting the
RNA of interest in a complex. In vitro methods involve applying cellular extract containing proteins
to preformed RNA-probe complexes [75]. On the contrary, in vivo methods require crosslinking pro-
teins and RNA endogenously before adding modified probes for subsequent pulldown [76].
Compared with in vivo methods, in vitro methods are relatively simple and easy to perform, and
can result in good signals, albeit the lack of endogenous context. These methods can be coupled
with mass spectrometry to identify global RNA-protein interacting profiles. Alternatively, bound
DNA and RNA can be extracted for next-generation sequencing to uncover binding sites of IncRNAs
and circRNAs on DNA and RNA. Nonetheless, these traditional probe-based methods may suffer
from potential off-targeting issues of the nucleic acid probes. A newer method involving direct bio-
tinylation of interacting proteins has recently been developed [77], but has yet to be adapted for
circRNA studies.

Secondary Structures of ncRNAs

Another new area of ncRNA research is understanding the secondary and tertiary structures of
ncRNAs. While the interactions between ncRNAs and their nucleic acid targets largely depend on
sequence complementarity, their interactions with proteins are affected by their structures. This is
most well exemplified in miRNAs, where the stem loop structure of primary miRNAs regulate process-
ing factors binding [77]. It has also been shown that local stem loop structures of IncRNAs and circR-
NAs can modulate the binding of proteins [5,78]. Therefore, it is not surprising that ncRNAs are more
conserved at specific functional modules or sequence motifs [79], which is analogous to proteins and
their functional domains. Despite this, investigations into the structure of ncRNAs have largely relied
on computational prediction [80] until recently.

Advancements in sequencing and computational technologies, coupled with the use of small chem-
ical probes or specific enzymes, have innovated the RNA structure field, allowing for direct probing of
RNA structures [81-83]. Notably, the selective 2'-hydroxyl acylation analyzed by primer extension
(SHAPE) technique was later improved upon (SHAPE-MaP and icSHAPE), and has been used in
studies to interrogate the structures of IncRNAs such as XIST and NEAT1 and circRNAs [5,84,85].
circRNAs exhibit different secondary structures than their linear counterparts despite sequence sim-
ilarities, which resulted in differences in functionalities [5]. In addition, different structures have also
been reported for short and long isoforms of NEAT1 [86]. These studies highlight the importance of
understanding the structures of different ncRNA transcripts, which can provide important insights
into their potential functional mechanisms.

Single Cell and Spatial Transcriptomics

Expression of ncRNAs is highly specific and often tightly regulated. In cancer, numerous IncRNA and
circRNA expressions are specific to cancer types or subtypes [4,12,13,16]. While the expression of
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ncRNAs is generally low in bulk transcriptomic analyses, recent studies have found higher levels of
expression in subpopulations of cells [86,87], providing opportunities to interrogate intratumoral het-
erogeneity. Intraductal carcinoma and cribriform architecture (IDC/CA) is a subpathology of prostate
cancer that is associated with unfavorable patient outcomes [74]. Remarkably, the expression of
IncRNA SChLAP1T was found to be over threefold higher in prostate tumors with this subpathology,
and may be a useful biomarker for this aggressive feature [74]. Therefore, studying ncRNA expression
profiles at single cell level or spatially across tumor samples may reveal unique molecular subtypes or
rare cell populations of prostate cancer and provide molecular insights into tumor heterogeneity.

Recent advancement in single cell (sc)RNA-seq technology provides insights into the tumor tran-
scriptome at single cell resolution [87,88]. Novel scRNA-seq protocols also allow investigation of
non-poly(A) transcripts [89]. While scRNA-seq has been performed on prostate cancer cells to reveal
subpopulations of androgen-independent cells [90], there are currently no reported studies on
ncRNA profiles in prostate cancer. In addition to scRNA-seq, spatial transcriptomic profiling tech-
niques can provide expression profiles across tumor sections through the use of spatially unique barc-
odes [91,92]. Using this technique, unbiased spatial transcriptomic maps of prostate tumors with mul-
tiple cancerous regions surrounded by normal prostate, stromal, and immune cells have been
generated [92]. Together, these novel techniques present us with unprecedented opportunities to
capture precise transcriptomic profiles of ncRNAs and to investigate molecular features of tumor
heterogeneity.

Clinical Relevance of IncRNAs and circRNAs

In prostate cancer, hundreds of IncRNAs and circRNAs are reported to be dysregulated
[4,12,13,16,42]; some to a greater extent than protein-coding mRNAs [74]. Subsequent studies
have demonstrated roles of these ncRNAs in prostate cancer development and progression [4,21-
23,33]. Given their prevalence, expression specificity and functional importance, there are immense
interests in evaluating IncRNAs and circRNAs as novel biomarkers and therapeutic targets in clinical
settings.

Biomarker Potentials

The utility of IncRNAs as cancer biomarkers is most well exemplified by IncRNA PCA3, the first
IncRNA-based biomarker approved by the FDA for prostate cancer diagnosis. PCA3is highly prostate
cancer specific, with a 34-fold higher expression in prostate tumors compared with normal tissues
[93], and can be detected in urine samples [94]. These properties led to the establishment of a
urine-based PCA3 biomarker test for determining the need for rebiopsy in ambiguous cases with
high prostate-specific antigen (PSA) levels but negative initial biopsies. Aside from PCA3, several
additional IncRNAs, including MALAT1, PCAT18, and SChLAP1, are showing promise as prostate
cancer diagnostic and prognostic biomarkers [33,95,96]. Notably, SChLAP1T has been evaluated in
several independent studies as a prognostic biomarker for metastatic prostate cancer [74,97].

Clinically, there has been increasing interest in liquid biopsy because it is less invasive than conven-
tional tissue biopsy and is suitable for real-time disease monitoring (Figure 3). Due to their specificity
in expression levels, IncRNAs are attractive candidates for liquid-biopsy-based biomarkers, and
indeed they have been tested in both plasma [33] and urine [76-79] (Table 1, Key Table). Exosomes
present another source for extracellular IncRNAs, and numerous exosomal IncRNAs have been eval-
uated in preclinical settings [97-99]. Expression of exosomal IncRNA-p21 was elevated in the urine of
prostate cancer patients compared with the control group [100]. It has been reported that the uptake
of IncRNAs into prostate cancer exosomes is selective, but the exact mechanisms are currently un-
clear [100].

circRNAs are a new attractive group of ncRNA biomarkers for liquid biopsy due to their resistance to
exonuclease degradation and enhanced stability in circulation. Thousands of circRNAs have been
identified to be more enriched in blood and urine samples [16], with individual ones being character-
ized in different cancer types, including the androgen responsive circSMARCAS in prostate cancer
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Figure 3. Clinical Applications of Long Noncoding RNA (IncRNA) and Circular RNA (circRNA).

Biomarker (left panel) and therapeutic (right panel) potential of IncRNAs and circRNAs in prostate cancer. These noncoding RNA (ncRNA) species can be
measured from conventional tumor biopsy or liquid biopsy samples (blood and urine), and are potential diagnostic and prognostic biomarkers. RNAi and
antisense oligonucleotide (ASO) agents can effectively target ncRNAs in the cytoplasm and nucleus, respectively, and can be delivered through
nanoparticles or antibody/receptor conjugates in vivo. Abbreviation: RISC, RNA-induced silencing complex; RNase H, Ribonuclease H.

[101]. The study of circRNAs as biomarkers is in its infancy but has already shown promising potential,
and more work is advocated for it to be applied in clinical settings.

Therapeutic Potential

ncRNAs with important oncogenic functions in prostate cancer may serve as novel therapeutic tar-
gets. In preclinical studies, IncRNAs SChLAP1, PCAT1, PCAT18, and PCAT19 were found to
contribute to prostate cancer cell growth and aggressiveness [21-23,33]. In addition, IncRNAs
NEATT and HOXD-AS2 are associated with antiandrogen and chemotherapy sensitivity of prostate
cancer [102,103]. IncRNA-mediated drug resistance may even be transmitted between cancer cells
through exosomes [104]. circRNAs such as circSMARCAS promote prostate cancer cell growth and
inhibit apoptosis [102]. Given their important functional roles, there is a strong rationale to target
these oncogenic ncRNAs as novel therapeutic options.

Two main categories of RNA-based therapeutic approaches are RNAi and antisense oligonucleo-
tides (ASOs), which can be designed to target almost any RNA region (Figure 3). However, there is
a difference in mechanism of action. RNAI involves the use of exogenous double-stranded siRNAs
or miRNAs to target oncogenic mRNAs and ncRNAs through the same pathway as endogenous
miRNA. On the contrary, ASOs involve the use of single-stranded nucleic acid molecules and result
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Key Table

Table 1. Liquid Biopsy IncRNA Biomarker Candidates for Prostate
Cancer Reported in the Past 5 Years

IncRNA Biomarker type Expression Sample Refs
SAP30L-AS1° Diagnostic Down Plasma exosome [80]
INncRNA-p21 Diagnostic Up Urine exosome [81]
MALAT1 Diagnostic Up Urine [76]
FR0348383 Diagnostic Up Urine [78]
SChLAP1 Prognostic Up Urine, plasma exosome [77,80]
IncAPP Prognostic Up Urine [79]
PCAT18 Prognostic Up Plasma [34]

?Decreased expression in plasma exosome (PMID: 29614511), but increased expression in tumor tissue (PMID:
30599235) is observed in prostate cancer.

in gene silencing through RNase H-mediated degradation of target RNAs. In recent years, there have
been significant advancements in the design and delivery of RNA-based therapeutics, with chemical
modifications resulting in improved target specificity and stability, as well as decreased toxicity [105].
The first RNAi-based drug Patisiran was approved by the FDA last year for the treatment of hereditary
transthyretin amyloidosis [106]. ASOs have also showed promise in targeting IncRNAs in a recent
study on patients with Angelman syndrome [107]. The in vivo delivery of these therapeutic agents
has been improved recently through conjugation with receptor ligands and packing in nanoparticles
[108,109].

In prostate cancer, ASOs Oblimersen targeting Bcl-2 and Custirsen targeting clusterin have been
evaluated in Phase Il and Il clinical trials, respectively, albeit with lack of efficacy [110,111]. Additional
ASO agents, such as Apatorsen targeting Hsp27 [112], ARRx targeting AR (NCT03300505), and RNAI
targeting AR (NCT02866916) are currently in Phase | clinical trials. While these current trials are
focusing on protein-coding genes, functional INcRNAs and circRNAs from preclinical studies will pro-
vide a novel repertoire of candidates for RNA-based therapeutics.

Besides exploiting vulnerabilities conveyed by INcRNA and circRNA, exploring the unique properties
of circRNAs is a new frontier. Engineered RNA circles can be more effective in delivering therapeutic
proteins. For example, high-quality protein translation with threefold longer production half-life us-
ing artificial circRNAs has been achieved [113]. Additionally, a tornado system to effectively achieve
high-level cellular circRNA aptamers and biosensor expression has been developed [114]. circRNAs
as therapeutic agents show intriguing potential. While advances in other disease models can pave the
way for their utilization in prostate cancer, research in prostate cancer is warranted to address tissue-
specific challenges.

Concluding Remarks and Future Perspectives

IncRNAs and circRNAs are two promising new players in the prostate cancer field with attractive
biomarker and therapeutic potentials. Recent advancements in technologies provide exciting
opportunities for ncRNA research and its translation into the clinic. We are now starting to
unravel their detailed functional mechanisms, explore their expression at the single cell level for
biomarker applications, and screen for therapeutic targets through CRISPR-based screening
approaches.
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Despite these exciting breakthroughs and promises, the field has yet to overcome some challenges
and limitations. For studies into interacting partners of ncRNAs, probe-based pulldown remains the
gold standard for IncRNAs and the only viable method for circRNAs, which is susceptible to off-tar-
geting and signal-to-noise ratio issues. Newer methods involving the recruitment of biotin ligase birA
require the addition of recruitment sequences flanking the endogenous IncRNA, which can result in
unexpected changes in RNA structure or localization. These methods are also not adapted for circR-
NAs because their 5 and 3’ ends are back-spliced together. For the study of ncRNA structures,
SHAPE techniques have changed the field drastically, but lack scalability and are not fully optimized
for transcriptome-wide studies. In addition, these techniques measure the local flexibility of nucleo-
tides to predict the overall RNA structure computationally. Techniques providing precise and direct
measurement on overall RNA structure are still lacking. Although powerful, scRNA-seq and spatial
transcriptomic approaches suffer from inevitable random variations and are currently limited to the
detection of highly expressed genes, which may not be ideal for the study of ncRNAs with relatively
low expression.

Despite these challenges and limitations, significant findings in these new areas of ncRNA research
are nonetheless being revealed actively (see Outstanding Questions). Currently, we have only just
begun to explore the biogenesis and functional mechanisms of IncRNAs and circRNAs in great detail,
and to appreciate their clinical utilities.
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Outstanding Questions

How is circRNA biogenesis regu-
lated, are there

quences

common  se-
and/or structures that
facilitate the circularization of tran-
scripts not flanked by short re-
peats? In particular, what are the
upstream direct regulators and
determining factors of circRNA iso-
form expression?

It is challenging to identify circRNA
specific interacting partners due to
their highly overlapping sequence
with linear transcripts, can we
develop novel techniques to iden-
tify interacting partners
effectively?

these

Can different IncRNAs and circR-
NAs be classified into groups
based on their secondary struc-
tures? Are there recurring func-
tional structure modules? Do RNA
structures change in response to
pathological processes or treat-
ment conditions?

What are the specific mechanisms
for IncRNA and circRNA sorting
into exosomes, and how reproduc-
ible

markers be?

will exosome-based bio-

Advancements in technologies
provided opportunities to investi-
gate the noncoding transcriptome
in unprecedented detail. How
does the subtype specific expres-
INncRNAs and circRNAs

relate and contribute to the intratu-

sion of

moral heterogeneity of prostate
cancer?

Current  clinical trials showed
modest efficacy for RNA-based
therapeutics in prostate cancer.
How can we improve this for better
clinical utility? What roles can
IncRNAs and circRNAs play in this
process? Can we also explore
circRNA-specific characteristics for
better delivery of therapeutic
agents?
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