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Abstract

Background: Circular RNAs (circRNAs) constitute a largely unexplored source for biomarker discovery in prostate
cancer (PC). Here, we characterize the biomarker potential of circRNAs in PC, where the need for novel diagnostic
and prognostic tools to facilitate more personalized management is pressing.

Methods: We profiled the transcriptomic landscape of circRNAs in PC by total RNA sequencing of 31 adjacent-
normal and 143 tumor samples from localized (radical prostatectomy (RP)) and metastatic PC patients (cohort 1,
training). Diagnostic and prognostic potential was evaluated in cohort 1, and 39 top circRNA candidates were
selected for validation in two additional PC cohorts (cohort 2, n = 111; RP cohort 3, n = 191) by NanoString-based
expression analysis. Biochemical recurrence (BCR)-free survival was assessed using Kaplan-Meier, univariate, and
multivariate Cox regression analyses. The circRNA candidates were further detected in extracellular vesicle (EV)-
enriched plasma samples from PC patients and controls (cohort 4, n = 54).

Results: Expression of circABCC4, circFAT3, circATRNL1, and circlTGA7 was highly cancer-specific (area under the
curve 0.71-0.86), while low circlTGA7 expression was significantly (P < 0.05) associated with BCR in univariate
analysis in two RP cohorts. Moreover, we successfully trained and validated a novel 5-circRNA prognostic signature
(circKMD1A/circTULP4/circZNF532/circSUMF1/circMKLNT) significantly associated with BCR beyond routine
clinicopathological variables (RP cohort 1: P = 0.02, hazard ratio = 2.1; RP cohort 3: P < 0.001, hazard ratio = 2.1).
Lastly, we provide proof-of-principle for detection of candidate circRNAs in EV-enriched plasma samples from PC
patients.

Conclusions: circRNAs hold great biomarker potential in PC and display both high cancer specificity and
association to disease progression.
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Background

Prostate cancer (PC) is the second most frequently diag-
nosed non-cutaneous cancer in men worldwide and the
third leading cause of cancer-associated mortality in
men in Western Europe and the USA [1].

Whereas localized PC (LPC) is curable by radical
prostatectomy (RP), metastatic PC (MPC) is incur-
able with a 5-year survival rate below 40% [2, 3].
Early diagnosis is thus essential for long-term patient
survival. Still, approximately 30% of patients with
LPC who undergo curatively intended RP experience
relapse within 10 years [4]. Accordingly, PC diagno-
sis and patient risk stratification are challenging.
Both are based mainly on serum prostate-specific
antigen (PSA) and histopathologic evaluation of
prostate biopsies (most often transrectal ultrasound-
guided biopsies (TRUSbx)) or surgical specimens.
Hence, there is an urgent need for novel diagnostic
and prognostic biomarkers for more personalized PC
management.

A new and largely unexplored source for biomarker
discovery in PC are circular RNAs (circRNAs) that
form a class of primarily noncoding RNAs generated
by an alternative splicing event, which covalently links
a splice-donor site to an upstream splice-acceptor site
[5, 6]. Until recently, circRNAs were viewed as by-
products of aberrant RNA splicing events. However,
upon the rise of next-generation sequencing, it has
now been established that circRNAs can be highly
abundant in human cells and can regulate fundamen-
tal cellular functions [5, 7, 8]. Thus, circRNAs are im-
plicated in a wide range of physiological and disease
processes [1, 9]. Two previous studies have character-
ized the landscape of circRNA in cancer [10] and in
PC in particular [11], demonstrating that circRNA ex-
pression is dysregulated in several malignancies, in-
cluding in PC. Furthermore, circRNAs have higher
stability in blood than linear RNAs [5, 12] and are re-
ported enriched in extracellular vesicles (EVs) com-
pared to the level in cells [13, 14], suggesting that
EVs could be a compelling source for the discovery
of novel minimally invasive circRNA biomarkers.
Nonetheless, circRNAs still constitute a poorly char-
acterized output of the human transcriptome and
studies of circRNA expression patterns in multiple
clinical PC cohorts are limited [10, 11].

Here, we characterize the transcriptomic landscape
and biomarker potential of circRNAs in PC by analyzing
a cohort of patients with clinically localized or metastatic
PC, respectively, and perform independent validation in
two additional PC patient cohorts. Finally, we present
proof-of-principle of the detection of selected circRNA
candidates in EV-enriched plasma samples from PC pa-
tients and cancer-free controls.
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Methods

Patient cohorts

Cohort 1 (training)

Cohort 1 included 31 adjacent-normal (AN) and 126
tumor samples from 141 patients with clinically LPC
treated by RP (RP cohort 1), as well as 17 primary
tumor samples from MPC patients undergoing palliative
transurethral resection of the prostate (TURP) (Table 1).
All samples were collected at the Department of
Urology, Aarhus University Hospital, Denmark (2004—
2017) or Department of Urology, Regional Hospital
West Jutland, Denmark (2016—-2019) (Additional file 1:
Supplementary Methods). Inclusion and exclusion
criteria for RP cohort 1 are reported according to the
REMARK guidelines [15] (Additional file 2: Fig. Sla).
circRNA profiling in cohort 1 was performed by total
RNA-seq of fresh-frozen (FF) AN and tumor tissue sam-
ples (Additional file 1: Supplementary Methods).

Cohort 2 (validation)

Cohort 2 included 22 AN samples, 35 tumor samples
from patients with clinically LPC, and 54 primary tumor
samples from MPC patients (Table 1, Additional file 1:
Supplementary Methods). All patients in cohort 2 were
high-risk PC (D’Amico classification [16]) patients re-
ferred for primary ®®Ga-PSMA PET/CT staging at De-
partment of Nuclear Medicine and PET, Aarhus
University Hospital (2016-2019).

RP cohort 3 (validation)

RP cohort 3 included 191 tumor samples from patients
with clinically LPC treated by RP from the Department
of Urology, Aarhus University Hospital (1998-2009)
(Table 1).

For validation of top circRNA candidates discovered in
cohort 1, NanoString-based expression analysis was per-
formed on formalin-fixed paraffin-embedded (FFPE) AN
and tumor samples from patients in cohorts 2 and 3
(Additional file 1: Supplementary Methods) [17].

Cohort 4 (liquid biopsy analyses)

Cohort 4 included plasma samples from 27 patients his-
tologically verified as cancer-free at initial TRUSbx (con-
trols), 21 patients diagnosed with clinically LPC at initial
TRUSbx, and 6 patients with known MPC undergoing
palliative TURP (Table 1, Additional file 1: Supplemen-
tary Methods). Plasma samples from controls and LPC
patients were collected at the Department of Urology,
Aarhus University Hospital, Denmark (2017-2020).
Plasma samples from MPC patients were collected at
Department of Urology, Regional Hospital West Jutland,
Denmark (2016-2019). Detection of top circRNA candi-
dates in cohort 4 was performed by NanoString-based
expression analysis on EV-enriched plasma samples
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Table 1 Clinicopathologic characteristics of patient sample sets
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Characteristics Cohort 1 Cohort 2 RP cohort 3 Cohort 4
Training (total RNA-seq) Validation (NanoString) Validation (NanoString)  Liquid biopsies (NanoString)
RP cohort 1 MPC LPC MPC LPC (n = 191) LPC MPC
LPC (n = 126) (n=17) (n = 35) (n = 54) (n=21) (n=6)
Sample type RP TURP RP (n = 22), TRUSbx RP Plasma/EVs Plasma/EVs

Median age?, years (IQR)

Median PSA at diagnosis
(IQR)

Gleason Grade Group®

1

AW

5

Unknown

T-stage®

T

T2

T3

T4

Unknown

CAPRA-S risk nomogram
Low risk

Intermediate risk

High risk

Unknown

Surgical margin status
Negative

Positive

Unknown

Recurrence status
Recurrence-free
Biochemical recurrence
Unknown

Progression to MPC
Progression free

MPC progression

Median follow-up time,
months (IQR)

Survival status
Alive
Dead

Non-malignant samples

Median age®(IQR)

65.1 (59.2-68.7) NA
108 (7.7-17.9) 46.0 (9.7-98.8)

12 (9.5%) 1 (5.9%)
68 (54.0%) 1 (5.9%)
22 (17.5%) 1 (5.9%)
14 (11.1%) 5 (294%)
9 (7.1%) 8 (47.1%)
1 (0.8%) 1 (5.9%)
0 0

75 (59.5%) 2 (11.8%)
49 (38.9%) 2 (11.8%)
1 (0.8%) 1 (5.9%)
1 (0.8%) 12 (70.6%)
29 (23.0%) NA

60 (47.6%) NA

34 (27.0%) NA

3 (24%)

82 (65.1%) NA

41 (32.5%) NA

3 (24%)

75 (59.5%) NA

50 (39.7%) NA

1 (0.8%)

NA NA

NA NA

659 (453-1026) NA

110 (87.3%) NA
16 (12.7%) NA

AN (n = 31, from
LPC patients)

634 (58.1-66.5)

TRUSbx (n = 13)

694 (628-73.0) 715 (67.9-74.1)

9.2 (63-16.5) 300 (11.8-46.0)
0 1 (1.9%)

13 (37.1%) 1(1.9%)

9 (25.7%) 11 (20.4%)

3 (8:6%) 23 (42.6%)

10 (28.6%) 17 (31.5%)

0 1(1.9%)

8 (22.9%) 3 (5.6%)

12 (34.3%) 15 (27.8)

15 (42.9%) 33 (61.1%)

0 2 (3.7%)
0 1(1.9%)
NA NA
NA NA
NA NA
NA NA
NA NA
NA NA
NA NA
NA NA
NA NA

199 (142-22.7)  NA

NA NA
NA NA

AN (n = 22, from 20 LPC and
2 MPC patients)

686 (61.7-71.8)

64.2 (61.5-67.6)
102 (7.1-58)

61 (31.9 %)
105 (55.0 %)
0

20 (10.5%)
5 (2.6%)

0

0

140 (73.3 %)
49 (25.7 %)
1(03 %)

1 (0.5%)

47 (24.6%)
100 (52.4%)
36 (18.8%)
8 (4.2%)

140 (73.3 %)
51 (26.7 %)

0

108 (56.5 %)
83 (43.5 %)

125.3 (98.8-141.7)

155 (81.2%)
36 (18.8%)

684 (64.9-72.8) 73.7 (67.7-74.8)

9.1 (68-17.2) NA

1 (4.8%) 0

8 (38.1%) 0

5 (23.8%) 0

4 (19.0%) 0

2 (9.5%) 3 (50%)
1 (4.8%) 3 (50%)
4 (19.0%) 1(16.7%)
13 (61.9%) 3 (50%)
2 (9.5%) 2 (33.3%)
0 0

2 (9.5%) 0

NA NA

NA NA

NA NA

NA NA

NA NA

NA NA

NA NA

NA NA

NA NA

NA NA

NA NA

NA NA

Control (n = 27, cancer-free at initial
TRUSbx)

63.9 (58.5-68.3)

Data is n (%) or median (IQR). *Age at time of sample collection. PFor cohort 4, biopsy Gleason Grade Group is stated. For RP cohorts 1 and 3, pathological T
stage is stated and for all other samples, clinical T stage. IQR interquartile range, NA not available/not applicable
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(Supplementary Methods). Full exclusion criteria for co-
horts 2—4 according to the REMARK guidelines [15] can
be found in Additional file 2: Fig. S2.

For additional external validation, we downloaded cir-
cRNA expression data from the MiOncoCirc database
[10] and used the “PRAD” dataset to compare circRNA
expression between normal and cancer samples.

All research was carried out in accordance with
relevant guidelines and regulations. The studies were
approved by The Central Denmark Region Commit-
tees on Health Research Ethics [#2000/0299, #1-10-
72-361-18, #1-10-72-367-13] and The National
Committee on Health Research Ethics [#1603543/
66451], and notified to The Danish Data Protection
Agency [#2013-41-2041, #1-16-02-330-13, #1-16-02-
23-19, #1-16-02-248-14]. For cohorts 1, 3, and 4,
written consent was obtained from all participants
prior to their donation of blood/tissue samples for a
research biobank, while archived tissue was used for
cohort 2. In all cases (cohorts 1-4), the requirement
for patient consent to the specific analyses in this
retrospective study was waived. The research con-
formed to the principles of the Helsinki Declaration.
Biochemical recurrence status for RP cohorts 1 and 3
was updated in September 2020.
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Study design

This study was performed in multiple steps. First, to
profile the landscape of circRNAs in non-malignant and
PC tissue, we conducted transcriptome-wide expression
profiling in cohort 1 (training, Fig. 1a), consisting of 31
AN and 126 tumor samples from patients with LPC (RP
cohort 1) as well as 17 primary tumor samples from
MPC patients. Next, using cohort 1, we evaluated the
diagnostic and prognostic biomarker potential for cir-
cRNAs and selected 39 top candidate circRNAs for inde-
pendent validation in two additional patient cohorts,
including 22 AN, 35 LPC, and 54 MPC samples (cohort
2) and 191 LPC samples (RP cohort 3), respectively (Fig.
1b,c). Finally, as proof-of-principle, we tested the bio-
marker potential in liquid biopsies for the 39 circRNA
candidates using EV-enriched plasma samples from 27
cancer-free controls, 21 LPC, and 6 MPC patients (co-
hort 4; Fig. 1d).

Total RNA sequencing and circRNA quantification

Transcriptome-wide RNA-seq libraries were prepared
from total RNA after depletion of rRNA using the Ribo-
Zero™ Magnetic Gold Kit (Epicentre, an Illumina com-
pany) or KAPA RiboErase Kit (Roche). Library prepar-
ation was performed using the ScriptSeq RNA-Seq

Clinical samples

PC patients with localized disease PC patients with metastatic disease\

Characterization of circRNAs
4B detected in prostate cancer patient samples
#. n=15,933
. Threshold on detectability and
, ? expression
A TN aN 271 abundant circRNAs
an @ ® . | fuid Dysregulation of circRNAS and
n=31 n=126 L association to clinical parameters
39 circRNA candidates =
’ Diagnostic potential Prognostic potential
Sequencing AN vs prostate cancer samples  Association to clinical parameters
\ LPC vs MPC samples
Total RNA-sequencing }
. llumina Paired-end sequening 38 circRNA candidates showing 31 circRNA candidates showing
| " diagnostic potential in cohort 1 prognostic potential in RP cohort 1
E 1 CIRI2 pipeline
AL
15,933 circRNAs supported by =2 reads in

\ =2 different samples
b: Cohort 2 c: RP Cohort 3 d: Cohort 4
Diagnostic validation Prognostic validation Liquid biopsy

Custom NanoString assays targeting Custom NanoString assays targeting Custom NanoString assays targeting

each of the 39 circRNA candidates each of the 39 circRNA candidates each of the 39 circRNA candidates

S\ .LPC .MPC 'LPC Ocomrols ‘LPC ‘MPC
n=22 n=35 n=54 n=191 n=27 n=21 n=6

A 4

Independent validation
AN vs prostate cancer samples
LPC vs MPC samples

Independent validation
Association to clinical parameters
BCRfree survival analysis

Proof-of-principle study
Detectability of circRNAs in EV-enriched plasma
Association to prostate cancer/MPC diagnosis

with BioRender.com

Fig. 1 Workflow and patient samples across all four prostate cancer patient cohorts. a Cohort 1. b Cohort 2. ¢ RP cohort 3. d Cohort 4. Created
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Library Kit (Epicentre) or KAPA RNA HyperPrep Kit
(Roche). All libraries were sequenced paired-end on ei-
ther an Illumina HiSeq 2000 (2 x 75 base pairs (bp)),
NextSeq 500 (2 x 75 bp), or NovaSeq 600 (2 x 100 bp)
with a coverage target of 25 million reads/sample.

Sequencing data from samples in cohort 1 were
analyzed using CIRI2 [18], described as the best stand-
alone bioinformatics algorithm for circRNA quantifica-
tion [19]. circRNAs were annotated according to hgl9
and default thresholds for mapping quality of each seg-
ment of junction reads (10), and maximum spanning
distance of a circRNA (200,000) was applied. Only cir-
cRNAs supported by more than two back-splice junc-
tion (BSJ])-spanning reads in at least two different
samples were included in the final data analysis. The
length of individual circRNAs was estimated by calcu-
lating the difference between exon start and exon end
in a BSJ, which may fail to capture changes in length
due to exon-intron circRNAs [20] or circRNAs effected
by alternative splicing [21].

Identified BS] reads were normalized to the total num-
ber of reads in each sample and log2 transformed using
the cpm function in the R package edgeR (v3.30.3) [22].
A batch correction was performed due to the use of two
different library preparation kits, using the removeBatch-
Effect function in the Limma package (v3.44.3) [23].
Circular-to-linear ratios (circ/lin) were calculated by
CIRI2 [18] by dividing the number of reads spanning a
particular BSJ by the corresponding number of reads
spanning the same splice site, but consistent with linear
RNA instead of being back-spliced. To avoid division by
zero, a pseudocount of one was added to both the num-
ber of BS] reads and the number of linear reads.

NanoString nCounter Codeset design and circRNA
expression analysis

A custom CodeSet of capture and reporter probes was
designed to target regions of 100 nucleotides overlaying
the BSJ of 39 selected top candidate circRNAs identified
in cohort 1 (Additional file 3: Table S1). In addition, five
reference transcripts were included, identified as stably
expressed in the total RNA-seq data by the NormFinder
algorithm [24] (ACTB, HPRT1, RPS24, circARHGAP12,
and circRBM23).

For FFPE and plasma samples, 300 ng and 5 pL total
RNA, respectively, was subjected to nCounter™ SPRINT
(NanoString Technologies) analysis according to the
manufacturer’s instructions. Hybridization time was set
to 23h. Background subtraction and subsequent
normalization was performed using the nSOLVER 3.0
software (NanoString Technologies). A background
threshold of 10 was selected, which all raw counts at or
below were set to. Normalization was performed using
the geometric mean of the five reference transcripts
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(ACTB, HPRTI, and

circRBM23).

RPS24,  circARHGAP12,

Statistical analyses

All statistical analyses were conducted in R (version
3.6.1) using R Studio version 1.3.959. The 100 circRNAs
with the greatest variance across cohort 1 were selected
among the most abundant circRNAs (n = 271) and sub-
ject to non-negative matrix factorization (NMF) consen-
sus clustering using the package NMF (v0.23.0) [25].
The optimal number of clusters was determined using
the rank-estimation function in the NMF package, test-
ing ranks 2—6. Consensus clustering with 5000 iterations
was performed.

Comparison between different sample types and/or
patient subgroups was performed using the non-
parametric Wilcoxon rank-sum test or Kendall’s rank
correlation. The diagnostic potential of circRNAs was
evaluated by receiver operating characteristics (ROC)
curve analysis between AN and PC samples.

The prognostic potential of circRNAs was evaluated
by Kaplan-Meier, uni- and multivariate Cox regression
analyses using the survival package (v3.1.12) [26] with
postoperative BCR (PSA = 0.2 ng/mL) or progression to
MPC (defined by medical journal entry) as clinical end-
points. All circRNAs that did not fulfill the proportional
hazard assumption (tested by the cox.zph function in
the survival package) were removed. Patients not having
experienced BCR or progression to MPC after RP were
censored at their last normal PSA test. For survival ana-
lyses, patients in RP cohort 1 (training) were dichoto-
mized according to circRNA expression levels based on
the optimal cut-off identified by ROC analysis of BCR
status, using Youden’s J statistic in the pROC package
(v1.16.2) [27]. The cut-off fraction for circITGA7, cir-
cKDM1A, and the 5-circRNA signature identified in RP
cohort 1 (0.70, 0.66, and 0.68, respectively) was subse-
quently used and tested in RP cohort 3. In multivariate
Cox regression analysis, comparisons to the CAPRA-S
risk nomogram were performed [28]. P values were ad-
justed for multiple testing using the Benjamini-
Hochberg (BH) approach and considered significant if
below 0.05.

Results

Profiling of circRNAs in prostate cancer

For unbiased profiling of circRNA expression in AN and
PC tissue samples, we analyzed 31 AN and 126 tumor
samples from patients with LPC as well as 17 primary
tumor samples from MPC patients by total RNA se-
quencing (cohort 1, training). Using the CIRI2 pipeline
on the complete RNA-seq data set from cohort 1 (1 =
174 samples), we identified 27,458 unique circRNAs
supported by at least two BSJ spanning reads. Of these,
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11,525 circRNAs were only supported by a single sample
and hence excluded, leaving 15,933 circRNAs eligible for
further analysis (Fig. la). The majority (91.0%) of the
identified 15,933 circRNAs originated from protein-
coding exons (Fig. 2a) and had a median estimated
length of 484 bp (Fig. 2b). This is in agreement with pre-
vious reports for human exonic circRNAs [1, 29]. The
remaining circRNAs originated from introns (6.1%) and
intergenic regions (2.9%) (Fig. 2a), suggesting that a mi-
nority of cirRNAs expressed in prostatic tissue derive
from ncRNA.
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There was profound variation in the number of uniquely
expressed circRNAs per gene. The majority of circRNA
host genes (4849/5061; 96%) gave rise to one to ten
unique circRNAs, while a few genes (7/5061; 0.1%) gave
rise to over 30 unique circRNAs (ABCC4, ARHGAPIO,
BIRC6, MYH11, PTK2, SMARCC1, and UBAP2; Fig. 2c).
A subset of circRNAs (962/15,933; 5.9%) were more highly
expressed than their linear counterpart, e.g., circRIMS1,
ciRS-7, and circFAT3 (Fig. 2d), indicating differential
regulation of the expression of specific circular transcript
as compared to their linear counterparts.

FC = fold change

b c
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o
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Fig. 2 Profiling of circRNAs in prostate cancer patients. a Genomic origin of circRNAs. b Estimated exonic length of circRNAs. Bin size = 100 bp. ¢
Number of total circular reads (CPM) per gene versus number of distinct circRNAs per gene. d For each circRNA, the number of circular and
corresponding linear reads on a logarithmic scale. Above the red line: Linear > circRNA, below the red line: circRNA > linear. e Total number of
circular reads across all patient samples vs. the number of samples expressing each distinct circRNA. The red dotted line marks circRNAs detected
in more than 80% of all samples. f Boxplot of total expression (CPM) of abundant circRNA across cancer (LPC and MPC) and AN samples in
cohort 1. P value represents Wilcoxon rank-sum test. g-h Volcano plot of (g) abundant circRNAs or (h) circ/lin ratio for abundant circRNAs
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We evaluated the abundance of the 15,933 detected
circRNAs across all 174 samples from cohort 1 and
identified a subset of 268 circRNAs (1.7%) expressed in
>80% of all samples analyzed (Fig. 2e). As biomarker
candidates must be robustly detectable to be of clinical
use, we limited all further analyses to a set of 271 abun-
dant circRNAs, which were either expressed in > 80% of
all samples and/or belonging to the top 1% most highly
expressed circRNAs in cohort 1 (n = 159, based on
ranked mean expression) (Fig. 1a).

Dysregulated circRNAs in prostate cancer

Using unsupervised consensus clustering of circRNA-
based expression values, we identified two stable clus-
ters (Additional file 2: Fig. S3a) that almost completely
separated AN and MPC samples, but not LPC from AN
or MPC, respectively (Additional file 2: Fig. S3b). The
two clusters showed significant differences in their
composition, with cluster 1 being enriched for MPC
samples and advanced stage LPC samples (P = 0.003
and P = 0.03, respectively, chi-square test), while cluster
2 was enriched for AN samples (P < 0.0001, chi-square
test) (Additional file 2: Fig. S3b-d). Consistent with this,
cluster 1 was moderately enriched for higher-grade
LPC samples, although this was not statistically signifi-
cant (P = 0.25, chi-square test, Additional file 2: Fig.
S3e). Cluster 1 was also significantly associated with
lower overall expression of circRNAs (P < 0.0001,
Wilcoxon rank-sum test, Additional file 2: Fig. S3f), to-
gether suggesting a possible association between low
circRNA expression and clinical parameters associated
with more aggressive PC.

Similarly, differential expression analysis of all 271
abundant circRNAs showed a global downregulation of
circRNA levels in PC (LPC + MPC) as compared to be-
nign (AN) prostate tissue samples (P < 0.0001, Fig. 2f).
Overall, in cohort 1, we identified 204 circRNAs that
were significantly downregulated and two circRNAs that
were significantly upregulated in PC vs. AN samples (P <
0.05, BH-adjusted Wilcoxon rank-sum test, Fig. 2g, Add-
itional file 4: Table S2a). In terms of fold change, the
most significantly downregulated circRNAs in cohort 1
were circFAT3 (3.13-fold, P < 0.0001), while the most
upregulated circRNA was circABCC4 (1.62-fold, P =
0.001) (Fig. 2g). Out of the 206 dysregulated circRNAs, a
total of 71 (34%) also showed a significant change in
circ/lin ratio between PC vs. AN samples (53 in the same
direction, P < 0.05, Wilcoxon rank-sum test, Additional
file 4: Table S2a), including top candidates circFAT3 and
circABCC4.

Similar results were obtained for differential expres-
sion analyses of circRNA levels and circ/lin ratios in
subgroup comparisons of AN vs. LPC and AN vs. MPC,
respectively (Additional file 4: Table S2b). Furthermore,
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we identified 52 circRNAs as significantly deregulated
between LPC and MPC samples (1 upregulated and 51
downregulated in MPC, respectively, P < 0.05, BH-
adjusted Wilcoxon rank-sum test, Additional file 4:
Table S2a). Of these, 33 circRNAs displayed a significant
gradual downregulation from AN to LPC to MPC sam-
ples (P < 0.05, BH-adjusted Wilcoxon rank-sum test,
Additional file 4: Table S2). circFAT3 presented as the
most significantly downregulated circRNA, in terms of
fold change, in both LPC vs. AN (2.52-fold, P < 0.0001)
and MPC vs. LPC (6.46-fold, P < 0.0001) (Additional file
4: Table S2).

Identification and selection of circRNA candidates for
independent validation

To identify candidate circRNAs with diagnostic/prog-
nostic biomarker potential in cohort 1 (training), we
used the results of differential expression analyses of AN
vs. PC samples (see above and Additional file 4: Table
S2a) combined with additional analyses of clinically rele-
vant subgroups of LPC patients (RP cohort 1). The latter
included association analyses between circRNA expres-
sion and key clinicopathological parameters known to be
linked with PC aggressiveness: pT stage, Gleason Grade
Group (GG), and BCR status (Additional file 5: Table S3
and text below).

The best performing circRNAs from each analysis in
cohort 1 (ranked by P value) were selected, while also fa-
voring circRNAs significant in more than one analysis
and taking expression level into consideration. Based on
this, we selected 39 top diagnostic and/or prognostic cir-
cRNA candidates (Additional file 3: Table S1) for valid-
ation in two independent PC patient sets (cohort 2 and
RP cohort 3, Fig. 1b,c). Independent validation was per-
formed using NanoString assays targeting each of these
39 circRNAs. Cohort 2 comprised of 22 AN, 35 LPC,
and 54 MPC samples (RP/TRUSbx specimens) and was
used to validate top diagnostic candidate circRNAs. Due
to incomplete clinical follow-up, cohort 2 was not eli-
gible for prognostic analyses. RP cohort 3 included 191
LPC patients with 125 months median follow-up (Table
1) and was used for validation of prognostic circRNA
candidates associated with clinicopathological parame-
ters and/or BCR.

Validation of dysregulated circRNA candidates in prostate
cancer

In cohort 1, a total of 38 selected top candidate cir-
cRNAs were significantly deregulated between PC and
AN samples (2 upregulated and 36 downregulated in
PC; P < 0.05, BH-adjusted Wilcoxon rank-sum test,
Additional file 6: Table S4a). Of these, we successfully
validated 37 (97%) in cohort 2 (2 upregulated and 35
downregulated, P < 0.05, BH-adjusted Wilcoxon rank-
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sum test, Additional file 6: Table S4a). Similar results
were obtained by subgroup analyses (AN vs. LPC or AN
vs. MPC, see Additional file 6: Table S4b-c). Next, using
the MiOncoCirc database [10] for further external valid-
ation, we could find 33 of the 38 circRNAs and validated
28 (85%) of them as significantly dysregulated between
PC (n = 323) and AN (n = 17) samples (all downregu-
lated in PC; BH-adjusted Wilcoxon rank-sum test,
Additional file 6: Table S4a).

The most significantly upregulated circRNAs in PC
tissue samples were circABCC4 and circZNF577, while
the most significantly downregulated were circFATS3,
circITGA7, and circATRNLI (ranked by fold change in
cohort 1, Fig. 3, Table 2). ROC curve analyses showed
that four of these five circRNAs (circABCC4, circFATS3,
circATRNLI, and circITGA7) had AUCs above 0.7, ran-
ging from 0.71 to 0.82 in cohort 1 and 0.78 to 0.86 in
cohort 2 (Fig. 3), suggesting promising diagnostic poten-
tial for PC. A logistic regression model using a combin-
ation of the five circRNAs did not yield a significantly
(bootstrap p > 0.05) higher AUC than the best single cir-
cRNA (data not shown).

Out of the 38 circRNAs dysregulated in PC vs. AN
samples in cohort 1, a total of 21 circRNAs were also
significantly deregulated between MPC and LPC samples
in the same cohort (P < 0.05, all downregulated in MPC,
Wilcoxon rank-sum test, Additional file 6: Table S4a).
When comparing MPC vs. LPC samples in cohort 2, we
could validate five (24%) of these circRNAs (circMKLN1,
circN4BP21L.2, circZNF532, circCDYL2, and circARH-
GAP10, P < 0.05, Wilcoxon rank-sum test, Table 2,
Additional file 2: Fig. S4).

Association of abundant circRNAs to clinicopathological
parameters of prostate cancer aggressiveness

In RP cohort 1 (training, n = 126 LPC samples), we
found 129 abundant circRNAs that were significantly as-
sociated with either advanced pT stage (Additional file
5: Table S3a), high GG (Additional file 5: Table S3b), or
BCR status (Additional file 5: Table S3c), suggesting pos-
sible prognostic biomarker potential. Of these, the 31
most promising candidates were selected for further
testing in RP cohort 3, as described above (Fig. la,c,
Additional file 7: Table S5).

Among the 31 circRNA candidates with prognostic
potential, a total of 24 were significantly deregulated be-
tween high/low pT stage in RP cohort 1 (all downregu-
lated in pT2 vs. pT3-4, P < 0.05, Wilcoxon rank-sum
test, Additional file 7: Table S5a). We successfully vali-
dated five (21%) of these (circZNF532, circCDYL2, cir-
cLPARS3, circELK4, and circMAN1A2) in RP cohort 3 (P
< 0.05, Additional file 2: Fig. S5, Table 3). Furthermore,
17 of the 31 circRNA candidates were significantly cor-
related to GG in RP cohort 1 (all negatively correlated, P
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< 0.05, Kendall's rank correlation, Additional file 7:
Table S5b). We successfully validated three (18%) of
these circRNAs in RP cohort 3 (circSLC45A4, circFAT3,
and circSEMA3C; P < 0.05, Table 3, Additional file 2:
Fig. S5).

In RP cohort 1, seven out of 31 candidate circRNAs
were significantly deregulated between patients with or
without BCR (all downregulated in patients with BCR, P
< 0.05, Wilcoxon rank-sum test, Additional file 7: Table
S5¢). We successfully validated one of these circRNAs
(circMKLNT1) in RP cohort 3 (P = 0.04, Wilcoxon rank-
sum test, Table 3, Additional file 2: Fig. S5).

In summary, we validated nine of the 31 prognostic
circRNA candidates associated with key clinicopatholog-
ical parameters (pT stage, GG, and BCR status) of PC
aggressiveness identified in RP cohort 1 in the independ-
ent RP cohort 3 (Table 3).

Prognostic performance of individual circRNA candidates
Using circRNA expression as a continuous variable in
univariate Cox regression analysis of time to BCR, 11 of
the 39 circRNA candidates were significant in RP cohort
1 (uncorrected P < 0.05, Additional file 8: Table S6). Of
these 11, three circRNAs (circITGA7, circMKLN1, and
circTULP4) were independently validated in RP cohort 3
(univariate cox regression; P < 0.05, HR 0.64 to 0.79,
Additional file 8: Table S6). When analyzed as continu-
ous variables, two of the three circRNAs (circMKLN1
and circTULP4) remained significant predictors of BCR-
free survival after adjustment for the clinical nomogram
CAPRA-S, but only in RP cohort 3 (P < 0.05, Additional
file 8: Table S6).

However, when applied clinically, biomarkers are often
preferred as dichotomous variables for easy interpret-
ation of test results. Using RP cohort 1 for training, we
divided patients into high and low circRNA expression
groups based on ROC analysis of BCR status for each of
the 39 circRNA candidates. We identified 24 circRNAs
significant in both Kaplan-Meier and univariate analysis
in RP cohort 1 (uncorrected P < 0.05, Additional file 8:
Table S6), of which we independently validated
circKDM1A and circITGA7 in RP cohort 3 using the
cut-off fraction trained in RP cohort 1.

For both of these circRNAs, low expression was sig-
nificantly associated with BCR (Fig. 4a,b, Additional file
2: Fig. S6, Additional file 8: Table S6). Thus, in univari-
ate analyses, circITGA7 was a significant predictor of
BCR in two independent RP cohorts, both as a continu-
ous and a dichotomous variable.

After adjustment for the CAPRA-S nomograms in
multivariate analysis, only circITGA7 remained signifi-
cant and only in RP cohort 3 (P = 0.03, HR 1.64, 95%
CL 1.04-2.58, Additional file 8: Table S6). Notably, low
circITGA7 (but not circKDM1A) expression was also
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(See figure on previous page.)

Fig. 3 Individual circRNAs with diagnostic potential in prostate cancer. Boxplot (left) of individual circRNA expression across AN and cancer (LPC
and MPC) patient tissue samples (a, ¢, e, g, i: cohort 1; b, d, f, h, j: cohort 2). P values represent Wilcoxon rank-sum test. Boxes represent the
25th and 75th percentiles and median. Outlier cases, defined as more than 1.5 times the IQR from the median are marked as individual dots
outside the whiskers. ROC curve analysis (right) for distinguishing PC from AN tissue specimens. Specificity and sensitivity at optimal cut-off

are shown

significantly associated with progression to MPC in both
Kaplan-Meier and univariate cox regression analysis in
RP cohort 3 (P = 0.005, HR 6.8, 95% CI 1.8—25.6, univar-
iate Cox regression, Fig. 4c), where long patient follow-
up allowed for investigation of this additional endpoint
(> 10 years). Due to low event numbers (n = 11), multi-
variate analysis of metastasis-free survival was not
feasible.

Development of a prognostic 5-circRNA signature to
independently predict postoperative BCR

Next, we tested if a multi-marker signature could im-
prove prognostic accuracy. Therefore, the five circRNAs
(as dichotomous variables) with the strongest individual
association to BCR in univariate Cox regression analysis
in RP cohort 1 (based on P value and HR P < 0.0002
and HR > 2.6, Additional file 8: Table S6), were com-
bined in a 5-circRNA prognostic signature (Sumjogcpnm(-
circKMD1A, circTULP4, circZNF532, circSUMFI,
circMKLN1)). In RP cohort 1, a low 5-circRNA

signature score was significantly associated with BCR in
both Kaplan-Meier and univariate Cox regression ana-
lysis (dichotomous, HR = 3.3, P < 0.0001, Fig. 4d, Table
4). The 5-circRNA signature remained significant in
multivariate Cox regression analysis after adjusting for
the CAPRA-S nomogram and increased the predictive
accuracy (C-index) from 0.71 to 0.75 (Table 4).

Using the same cut-off fraction as trained in RP cohort
1, the 5-circRNA signature was successfully validated in
RP cohort 3 as a significant predictor of BCR in Kaplan-
Meier, uni- and multivariate analysis (P < 0.05, Fig. 4e,
Table 4). In multivariate analysis, the 5-circRNA signa-
ture increased the C-index from 0.66 to 0.68 when com-
bined with the CAPRA-S nomogram. The 5-circRNA
signature was not significantly associated with progres-
sion to MPC in univariate analysis in RP cohort 3. How-
ever, the 5-circRNA signature score was significantly
lower in MPC vs. LPC as well as in LPC vs. AN samples
in both cohorts 1 and 2 (P < 0.05, Wilcoxon rank-sum
test, Fig. 4f,g).

Table 2 Successfully validated dysregulated circRNAs in prostate cancer

Cohort 1 Cohort 2
Upregulated in PC vs. AN Adj. P value FC AUC Adj. P value FC AUC
circABCC4 0.0004 1.62 0.71 <0.0001 231 0.78
CircZNF577 0.01 133 0.64 0.04 1.56 0.64
Downregulated in PCvs. AN Adj.P value FC AUC Adj.P value FC AUC
circFAT3 <0.0001 -3.14 0.82 <0.0001 -379 0.86
CircITGA7 <0.0001 - 231 0.75 < 0.0001 - 296 0.81
circATRNL1 <0.0001 -225 0.78 < 0.0001 - 554 0.85
circSLC45A4 <0.0001 -217 0.82 <0.0001 - 196 0.85
CircRNASEH2B <0.0001 - 208 0.81 < 0.0001 - 2.00 0.81
circSEMA3C <0.0001 - 207 0.80 < 0.0001 -225 0.82
circSLC8AT <0.0001 - 204 0.76 <0.0001 - 212 0.87
circARHGAP10 <0.0001 -201 0.79 <0.0001 -192 0.83
Downregulated in MPCvs. LPC P value FC AUC P value FC AUC
CircMKLN1 0.0004 —-203 0.77 0.028 - 136 0.64
circN4BP2L2 0.03 -1.77 067 <0.0001 - 153 0.76
CircZNF532 0.01 - 176 0.69 0.0002 - 178 0.74
circCDYL2 0.04 - 1.60 0.66 <0.0001 - 219 0.76
CircARHGAP10 0.001 —-213 0.76 0.001 - 174 0.71

Results for the top dysregulated candidates in PC vs. AN and in MPC vs. LPC, respectively. For upregulated circRNAs in PC, all candidates significant in cohort 1 are
shown. For downregulated circRNAs in PC, candidates with fold change > — 2 in cohort 1 are shown. For dysregulated circRNAs in LPC vs. MPC, candidates
significant (uncorrected P < 0.05) in both cohorts 1 and 2 are shown (all downregulated)
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Table 3 circRNA candidates validated as significantly associated with prostate cancer aggressiveness in both cohorts

pT2 vs. pT3-4 Correlation to GG BCR vs. recurrence-free

RP Cohort 1 RP Cohort 3 RP Cohort 1 RP Cohort 3 RP Cohort 1 RP Cohort 3
circRNA P value FC Pvalue FC Pvalue Tau Pvalue Tau P value FC Pvalue FC
CircMKLN1 0.01 - 134 0.58 - 1.1 0.21 - 0.08 0.03 - 013 0.001 - 141 0.04 - 130
CircZNF532 0.002 - 155 0.001 - 135 0.08 -0.12 0.14 - 0.08 0.01 - 143 0.23 - 1.12
CcircMANTA2 0.003 - 136 0.03 - 112 0.03 -0.15 0.36 - 0.05 0.15 - 122 0.85 1.00
circSEMA3C 0.001 -155 077 1.00 0.01 -017  0.03 -013 028 -125 085 1.04
circLPAR3 0.01 - 146 0.01 - 140 0.03 -0.15 0.31 - 0.06 037 - 124 0.11 - 1.12
circCDYL2 0.04 -1.17 0.01 - 133 0.03 -0.14 0.21 - 007 0.09 - 126 0.19 - 1.15
circELK4 0.02 -131 0.01 -133 006 -013 0.03 -012 01 -119 022 -1.18
circFAT3 0.01 - 160 0.06 - 147 0.01 -0.17 0.01 - 0.15 0.22 -1.20 0.05 - 1.25
circSLC45A4  0.01 -149 061 - 101 0.003 -020 0.02 -013 042 -109 010 - 117

Taken together, these results suggest that combining
the five circRNAs with the strongest individual prognos-
tic potential into a simple dichotomous signature can
improve robustness compared to a single circRNA. The
5-circRNA prognostic signature may refine the predic-
tion of BCR after surgery beyond routine clinicopatho-
logical variables (Table 4).

Detectability of circRNA candidates in EV-enriched plasma
samples from prostate cancer patients and controls

As proof-of-principle, we tested whether the 39 top cir-
cRNA biomarker candidates were detectable in liquid bi-
opsies. We analyzed EV-enriched plasma samples from
27 cancer-free controls, 21 LPC patients, and 6 MPC pa-
tients (cohort 4, n = 54; Table 1, Fig. 1d) using the cus-
tom NanoString assays. Of the 39 circRNA candidates,
23 (59%) were detectable in EV-enriched plasma sam-
ples. The 16 circRNAs not detected in EV-enriched
plasma samples tended to be more lowly expressed in
tumor and AN prostate tissue samples (cohorts 1 and 2,
Additional file 2: Fig. S7a-d).

For the 23 circRNAs detected in EV-enriched plasma,
we identified a significant higher overall level of cir-
cRNAs from control to MPC samples (P = 0.03, Fig. 4h).
Five circRNAs (circSMARCAS5, circHIPK3, circACVR2A,
circN4BP21.2, and circMAN1A2) were particularly abun-
dant in EV-enriched plasma (detected in >89% of all
samples; Additional file 9: Table S7). Three of these (cir-
¢SMARCAS5, circHIPK3, and circMAN1A2) were also
among the top five most highly expressed circRNA can-
didates in patient tumor and AN tissue samples (cohort
1), whereas circACVR2A was among the most lowly
expressed (Additional file 3: Table S1), combined, indi-
cating both substantial correlations in circRNA levels
between tissue and EV-enriched plasma, respectively, as
well as some differences.

The level of circSMARCAS5, circHIPK3, and cir-
cACVR2A in EV-enriched plasma samples gradually

increased from control to LPC to MPC patients (Fig. 4i—
k). Contrary, in patient tissue samples, expression levels
for these three circRNAs gradually decreased from AN
to LPC to MPC samples in cohorts 1 and 2 (Additional
file 2: Fig. S7e-j).

circACVR2A levels were significantly elevated in EV-
enriched plasma from MPC patients relative to controls
(P = 0.02, Fig. 4k). Interestingly, circACVR2A levels were
also moderately elevated in EV-enriched plasma samples
from LPC patients with high-grade tumors (GG 3-5) in
initial TRUSbx compared to LPC patients with low-
grade tumors (GG 1-2) in cohort 4 (P = 0.10, Fig. 41),
highlighting the possible potential of circRNAs as min-
imally invasive biomarkers.

Discussion

This work represents one of the largest and most com-
prehensive circRNA profiling studies in PC to date. We
have described the transcriptomic landscape of cir-
cRNAs in AN and tumor tissue samples from patients
with localized and metastatic PC, and defined a novel set
of 271 abundantly expressed circRNA in benign/malig-
nant prostatic tissue. In addition, we profiled the bio-
marker potential of this set of abundant circRNAs and
selected a set of 39 top candidates for validation using
NanoString-based expression analysis in two independ-
ent PC patient cohorts (cohort 2, n = 111; RP cohort 3,
n = 191). Lastly, we demonstrated the detectability of a
subset of these circRNA candidates in EV-enriched
plasma samples from PC patients and cancer-free con-
trols, highlighting the promising future potential of cir-
cRNAs also as minimally invasive biomarkers.

We identified 15,933 unique circRNAs across a total
of 174 AN and PC tumor samples (cohort 1). Consistent
with previous findings in other tissue types, most cir-
cRNAs in PC were spliced from protein-coding genes,
with the majority (96%) giving rise to one to ten cir-
cRNA isoforms [1, 6].
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Investigating differentially expressed circRNAs in PC,
we found a significant global downregulation of abun-
dant circRNAs in PC compared to AN samples in cohort
1 (P < 0.0001, Fig. 2f). This is in agreement with previ-
ous findings in other cancer types, where circRNAs have
been described as generally downregulated in tumor
compared to AN/control tissue samples [10, 30—32].

In addition, we identified and validated circABCC4,
circFAT3, circATRNL1, and circITGA7 as possible
novel diagnostic candidate circRNA biomarkers specific
for PC (AUCs ranging from 0.71 [circABCC4, cohort 1]
to 0.86 [circFATS3, cohort 2]), and especially, circFAT3

showed promising diagnostic potential (Table 2, Fig. 3e—
f). Here, we identified a significant upregulation of cir-
cABCC4 in PC, confirming and expanding on results
from recent studies using 47 PC and 47 paired AN sam-
ples [33] as well as 25 PC and 25 paired AN samples
[10]. Consistent with this, it has been reported that cir-
cABCC4 promotes PC cell line proliferation, cell-cycle
progression, migration, and invasion, possibly by regulat-
ing FOXP4 expression through sponging of miR-1182
[33]. None of the other three circRNAs (circFAT3, cir-
cATRNL1, and circITGA7) have been functionally
linked to PC or described in expression studies in PC
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Table 4 Uni- and multivariate Cox regression analysis of BCR using 5-circRNA prognostic signature

Univariate Multivariate
No. of
Variable patients Hazard Ratio (95% CI) Pvalue  C-index Hazard Ratio (95% CI) Pvalue C-index
RP Cohort 1
5-circRNA 125 —— 3.3(1.9-5.9) <0.001 0.659 .-—I—- 2.1(1.1-4.0)  0.021
CAPRA-S : 0.707 :
Low 28 . . §
Intermediate 60 -—I—- 15(0637) 042 -—I—- 14(06-35) 049 e h
High 34 : W 59(24-146) <0.001 S o W———— 41(16-106) 0004 |S
RP Cohort 3
5-circRNA 191 —— 22(14-33)  <0.001 0.584 —— 2.1(14-33)  <0.001
CAPRA-S : 0.658
Low 47 [ | [ ] S
Intermediate 100 -—I—- 1.8(1.0-34)  0.07 -—I—- 2.0(1.038) 0.04 ° 3
High 36 — @ 60(30-11.8) <0.001 : — B 61(3.1-122) <0.001 g
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Uni- and multivariate Cox regression analyses of BCR in RP cohort 1 (n = 125, 42 events) and RP cohort 3 (n = 191, 83 events). C/ confidence interval, C-index

Harrell’'s concordance index

patient samples. However, both circITGA7 and cir-
cATRNL1 have been described as downregulated in
other cancers, including colorectal cancer (CRC) (cir-
cITGA7, [34, 35]) and ovarian cancer (circATRNLI,
[36]), similar to our findings in PC. Moreover, cir-
cITGA7 and circATRNL1 have been reported to be in-
volved in cell proliferation, invasion, and migration in
CRC and ovarian cancer [34, 36], supporting a potential
functional role of these circRNA candidates in cancer
development/progression. circFAT3 has not previously
been described in relation to cancer. However, the FAT
family genes, including FAT3, has been described to be
involved in tumor suppression [37]. Further studies
should investigate the function of these circRNAs in re-
lation to PC biology.

Investigating prognostic biomarker potential, we found
low circITGA7 expression to be significantly associated
with BCR in Kaplan-Meier and univariate Cox regres-
sion analysis in both RP cohorts 1 and 3 (Fig. 4a,b, Add-
itional file 8: Table S6), as well as with shorter time to
MPC progression in RP cohort 3 (Fig. 4c, Additional file
8: Table S6). These findings support possible tumor-
suppressive properties of circITGA7 in PC and are fur-
ther supported by results in CRC, where low circITGA7
expression has been reported to be associated with pro-
gression in CRC patients [34]. Nonetheless, we were not
able to validate any single circRNA candidates in multi-
variate analysis adjusting for established clinicopatho-
logic  variables, suggesting that the molecular
heterogeneity of PC requires multiple circRNAs to hold
sufficient robustness.

Accordingly, we developed and validated a novel 5-
circRNA prognostic signature for PC (circKMDIA, cir-
¢TULP4, circZNF532, circSUMF1, and circMKLN1). To

the best of our knowledge, this is the first report of a
prognostic circRNA signature for PC with significant in-
dependent prognostic value in multiple distinct PC pa-
tient cohorts. A low 5-circRNA signature score
significantly predicted time to BCR in multivariate ana-
lysis including established clinicopathologic variables in
both RP cohorts 1 and 3 (Table 4), indicating that this
novel 5-circRNA signature holds independent prognostic
value for PC. Accordingly, these results suggest that the
detection of circRNAs in tissue specimens from LPC pa-
tients could potentially be utilized in the future for guid-
ing decisions regarding adjuvant treatment after RP as a
predictor of risk of BCR. The 5-circRNA signature could
potentially aid the identification of patients who would
benefit from intensified treatment, e.g., radiotherapy
and/or androgen deprivation therapy (ADT), following
RP to reduce the risk of BCR. Further validation is
warranted.

None of the circRNAs in our novel 5-circRNA prog-
nostic signature have been investigated in relation to
cancer before, highlighting an unused potential of the
circRNA output from the human transcriptome. The
host genes of the five circRNAs are functionally diverse:
KDMI1A is a histone demethylase and has been demon-
strated to mediate transcriptional activation of the an-
drogen receptor [38], which is associated with PC
initiation and progression to castration-resistant prostate
cancer [39]. KDM1A inhibition has also been reported
to suppress PC tumor growth in male mice [40]. The
oxidase SULF1 has been shown to modulate growth fac-
tor and cytokine signaling and to hold tumor suppressor
activity in breast, pancreas, kidney, and hepatocellular
cancer cell lines [41]. Moreover, it has been reported
that SULFlis downregulated in PC, where it has been
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suggested to inhibit growth of PC bone metastases [42].
The role of TULP4, MKLNI1, and ZNF532 in cancer is
largely unknown.

Lastly, we were able to provide proof-of-principle that
a subset of our circRNA candidates can be detected also
in minimally invasive EV-enriched plasma samples from
PC patients. Interestingly, we found that the overall level
of circRNAs in EV-enriched plasma was significantly
higher in samples from MPC patients compared to sam-
ples from cancer-free controls (P = 0.03, Fig. 4h), in con-
trast to the global downregulation observed in PC
compared to AN tissue samples (P < 0.0001, Fig. 2f).
While circRNAs have been comprehensive profiled in
both serum [12] and extracellular vesicles from cancer
cell lines (liver, colon, lung, stomach, breast, and cervical
cancers) [13], the former studies were limited by using
very few patient serum samples (n = 2) or cell lines.
However, few other studies have previously detected cir-
cRNAs in plasma/serum samples from PC patients [43—
48], the majority of which focused on a single or two se-
lected circRNAs, which is most likely the reason for the
lack of overlap between the previously reported cir-
cRNAs detected in serum/plasma and the 39 circRNA
candidates in this study.

However, similar to our findings, four of the previous
studies reported an elevation of the respective circRNA
investigated between PC patients and controls [44—46,
48]. Further, we found that circACVR2A levels were ele-
vated in EV-enriched plasma samples from LPC patients
with high vs. low GG tumors (P = 0.10, Fig. 41), similar
to a previous report of elevated circAR3 in plasma sam-
ples from PC patients with high GG tumors [45]. Com-
bined, these results suggest a possible association
between circRNA levels in EV-enriched plasma and
tumor burden, supporting the potential of circRNAs as
minimally invasive biomarkers in PC. However, further
studies, including larger cohorts, are needed to fully as-
sess the clinical utility.

The PC patient cohorts 1-3 had some different char-
acteristics. Clinical follow-up for cohort 2 was short and
incomplete (median 20 months), thereby preventing
evaluation of prognostic biomarker potential. Clinical
follow-up time for RP cohort 1 was 66 months, whereas
it was 125 months in RP cohort 3, thus allowing for ana-
lysis of progression to MPC as an additional endpoint
besides BCR in RP cohort 3.

Future studies should also evaluate the prognostic po-
tential of the 5-circRNA signature in diagnostic biopsies
to assess if the 5-circRNA signature can improve risk
stratification and initial treatment decisions at time of
diagnosis.

Furthermore, circRNA annotation can be biased based
on the algorithm used, and it has been reported that
multiple algorithms may be used to ensure reliable
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predictions from RNA-seq data [49]. Still, we confirmed
the presence of our 39 top candidate circRNAs, identi-
fied by the CIRI2 pipeline in RNA-seq data in cohort 1,
using an independent method (NanoString) as well as
two independent patient cohorts (cohorts 2 and 3), sup-
porting the validity of our findings.

In conclusion, our results highlight a profound and ro-
bust dysregulation of circRNAs between PC and AN
samples, and importantly, illustrate a strong prognostic
biomarker potential for our 5-circRNA signature across
two independent RP cohorts. If successfully validated in
future studies, the 5-circRNA signature could aid in
selecting patients with a high probability of BCR post-
surgery for intensified treatment following RP. Add-
itional investigations into the use of circRNAs as minim-
ally invasive biomarkers in PC are encouraged by our
promising findings of specific circRNAs being signifi-
cantly elevated in EV-enriched plasma from MPC pa-
tients compared to cancer-free controls.

Conclusions

Using tissue and plasma samples from four distinct pa-
tient cohorts, we have provided the largest and most
comprehensive circRNA profiling study of PC to date.
We found that circRNAs hold great biomarker potential
in PC, with several circRNAs being highly cancer specific
and/or associated with disease progression. Further stud-
ies, including larger cohorts, are required to fully assess
the clinical utility of «circRNAs in future PC
management.

Abbreviations

ADT: Androgen deprivation therapy; AN: Adjacent-normal; AUC: Area under
the curve; BCR: Biochemical recurrence; BH: Benjamini-Hochberg; bp: Base
pairs; BSJ: Back-splice junction; Cl: Confidence interval; C-index: Harrell's
Concordance Index; circRNAs: Circular RNAs; CRC: Colorectal cancer;

EV: Extracellular vesicle; FC: Fold change; FF: Fresh-frozen; FFPE: Formalin-
fixed paraffin-embedded; GG: Gleason Grade Group; HR: Hazard ratio;

LPC: Localized prostate cancer; MPC: Metastatic prostate cancer; NMF: Non-
Negative Matrix Factorization; PC: Prostate cancer; PSA: Prostate-specific
antigen; ROC: Receiver operating characteristics; RP: Radical prostatectomy;
TRUP: Transurethral Resection of The Prostate; TRUSbx: Transrectal
ultrasound-guided biopsy

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/513073-021-01009-3.

Additional file 1. Supplementary Methods.

Additional file 2. Fig. S1: Flow charts of inclusion/exclusion in cohort 1
(training) according to the REMARK guidelines. Fig. S2: Flow charts of
inclusion/exclusion for cohorts 2-4. Fig. S3: Clustering of abundant cir-
cRNAs in cohort 1. Fig. S4: Association of abundant circRNAs to meta-
static disease. Fig. S5: Association of abundant circRNAs to key
clinicopathological parameters. Fig. S6: circkDM1A holds prognostic po-
tential in prostate cancer patients. Fig. S7: circRNA candidates show both
correlations and substantial differences between levels in EV-enriched
plasma and in prostate tissue samples.



https://doi.org/10.1186/s13073-021-01009-3
https://doi.org/10.1186/s13073-021-01009-3

Hansen et al. Genome Medicine (2022) 14:8

Additional file 3. circRNA top biomarker candidates selected for
validation.

Additional file 4. Dysregulated circRNAs in cohort 1.

Additional file 5. Association of abundant circRNAs to
clinicopathological parameters in RP cohort 1.

Additional file 6. Validation of dysregulated circRNA top candidates.

Additional file 7. Validation of circRNA candidates associated with
clinicopathological parameters.

Additional file 8. Uni- and multivariate Cox regression analyses of
biochemical recurrence-free survival time in RP cohorts 1 and 3.

Additional file 9. Detectability of circRNA top candidates in EV-enriched
plasma samples.

Additional file 10. Expression data of circRNA in cohort 1.
Additional file 11. Expression data of circRNA in cohort 2.
Additional file 12. Expression data of circRNA in cohort 3.
Additional file 13. Expression data of circRNA in cohort 4.

Acknowledgements

We thank Sgren Vang for help with the initial bioinformatics analysis of RNA-
seq data. Further, we thank Jesper Boulund Kristensen, Pamela Celis, and
Louise Nielsen for excellent technical assistance. The Danish Cancer Biobank
is acknowledged for biological material and for information regarding hand-
ling and storage.

Authors’ contributions

EBH, JF, LSK, and KDS conceived and designed the analysis. EBH, SK, BPU,
and LSK collected the data. TLHO, JBJ, JK, KB, MB, CKD, JSP, and LSK
contributed data or analysis tools. EBH, JF, and KDS performed the analysis
and wrote the manuscript. All authors read and approved the final
manuscript.

Funding

This research was funded by grants from The Danish Cancer Foundation
[DKF-2019-34 - (353)], The Beckett Foundation [#19-2-3394], The Neye
Foundation, and The Graduate School at Health, Aarhus University [PhD
stipend for EBH]. The study was also funded in parts by grants from The
Velux Foundation [#11307], The Danish Cancer Society [R277-A16121-20-S80],
Fabrikant Vilhelm Pedersen og Hustrus Mindelegat [upon recommendation
from The Novo Nordisk Foundation], Independent Research Fund Denmark
[DFF-6110-00450], and the Carlsberg Foundation [CF18-0685]. LSK was
supported by grants from the Lundbeck Foundation [R307-2018-3433] and
the Villum Foundation [00013393].

Availability of data and materials

The circRNA expression data from cohorts 1-4 are provided in Additional
files 10-13, Tables S8-11. As the requirement for patient consent was waived
in the current study, we do not have permission to deposit the full raw and
individual level clinical data in a (controlled access) repository. Instead, raw
data and individual level clinical data is available from the corresponding au-
thor upon reasonable request due to Danish data protection laws. Under Da-
nish law, access to this data will require: 1) Ethical approval of the new
research project, which has to be applied for to the relevant Danish authority
by the data owner (corresponding author of this work, Aarhus University
Hospital) on behalf of the Pl/collaborator of the new project. 2) After ethical
approval has been obtained, a data sharing agreement for the new project is
required between the data owner (corresponding author, Aarhus University
Hospital) and the Pl/collaborator of the project and their institution(s).

Declarations

Ethics approval and consent to participate

All research was carried out in accordance with relevant guidelines and
regulations. The studies were approved by The Central Denmark Region
Committees on Health Research Ethics [#2000/0299, #1-10-72-361-18, #1-10-
72-367-13] and The National Committee on Health Research Ethics
[#1603543/66451], and notified to The Danish Data Protection Agency
[#2013-41-2041, #1-16-02-330-13, #1-16-02-23-19, #1-16-02-248-14]. For

Page 15 of 16

cohorts 1, 3 and 4, written consent was obtained from all participants prior
to their donation of blood/tissue samples for a research biobank, while
archived tissue was used for cohort 2. In all cases (cohort 1-4), the require-
ment for patient consent to the specific analyses in this retrospective study
was waived. The research conformed to the principles of the Helsinki
Declaration

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Author details

1Depar‘[mem of Molecular Medicine (MOMA), Aarhus University Hospital,
Palle Juul-Jensens Boulevard 99, 8200 Aarhus, Denmark. “Department of
Clinical Medicine, Aarhus University, Aarhus, Denmark. 3Department of
Pathology, Aarhus University Hospital, Aarhus, Denmark. *Department of
Nuclear Medicine and PET, Aarhus University Hospital, Aarhus, Denmark.
°Department of Urology, Regional Hospital of West Jutland, Holstebro,
Denmark. 6Department of Molecular Biology and Genetics (MBG), Aarhus
University, Aarhus, Denmark. /Interdisciplinary Nanoscience Center (iNANO),
Aarhus University, Aarhus, Denmark. 8Depar‘[ment of Urology, Aarhus
University Hospital, Aarhus, Denmark. “Bioinformatics Research Centre,
Aarhus University, Aarhus, Denmark. 10Department of Biomedicine, Aarhus
University, Aarhus, Denmark.

Received: 2 June 2021 Accepted: 15 December 2021
Published online: 25 January 2022

References

1. Okholm TLH, et al. Circular RNA expression is abundant and correlated to
aggressiveness in early-stage bladder cancer. npj Genomic Med. 2017;2(1).

2. Hamdy FC, Donovan JL, Lane JA, Mason M, Metcalfe C, Holding P, et al. 10-
year outcomes after monitoring, surgery, or radiotherapy for localized
prostate cancer. New England J Med. 2016;375(15):1415-24. https://doi.
org/10.1056/NEJMoa1606220.

3. Helgstrand JT, Reder MA, Klemann N, Toft BG, Lichtensztajn DY, Brooks JD,
et al. Trends in incidence and 5-year mortality in men with newly
diagnosed, metastatic prostate cancer-a population-based analysis of 2
national cohorts. Cancer. 2018;124(14):2931-8. https://doi.org/10.1002/
cncr.31384.

4. Pound CR. Natural history of progression after PSA elevation following
radical prostatectomy. JAMA. 1999,281(17):1591-7. https://doi.org/10.1001/ja
ma.281.17.1591.

5. Jeck WR, Sorrentino JA, Wang K, Slevin MK, Burd CE, Liu J, et al. Circular
RNAs are abundant, conserved, and associated with ALU repeats. RNA. 2013;
19(2):141-57. https://doi.org/10.1261/ra.035667.112.

6. Memczak S, Jens M, Elefsinioti A, Torti F, Krueger J, Rybak A, et al. Circular
RNAs are a large class of animal RNAs with regulatory potency. Nature.
2013;495(7441):333-8. https://doi.org/10.1038/nature11928.

7. Piwecka M, et al. Loss of a mammalian circular RNA locus causes miRNA
deregulation and affects brain function. Science. 2017;357(6357).eaam8526.

8. Hansen TB, Jensen Tl, Clausen BH, Bramsen JB, Finsen B, Damgaard CK, et al.
Natural RNA circles function as efficient microRNA sponges. Nature. 2013;
495(7441):384-8. https://doi.org/10.1038/nature11993.

9. Moldovan LI, Hansen TB, Vena MT, Okholm TLH, Andersen TL, Hager H,
et al. High-throughput RNA sequencing from paired lesional- and non-
lesional skin reveals major alterations in the psoriasis circRNAome. BMC Med
Genomics. 2019;12(1). https://doi.org/10.1186/512920-019-0616-2.

10. Vo N, et al. The landscape of circular RNA in cancer. Cell. 2019;176(4).869—-
81 el3.

11, Chen S, et al. Widespread and functional RNA circularization in localized
prostate cancer. Cell. 2019;176(4):831-43 e22.

12. Memczak S, Papavasileiou P, Peters O, Rajewsky N. Identification and
characterization of circular RNAs as a new class of putative biomarkers in
human blood. PLOS ONE. 2015;10(10):e0141214. https://doi.org/10.1371/
journal.pone.0141214.

13. LiY, Zheng Q, Bao C, Li S, Guo W, Zhao J, et al. Circular RNA is enriched
and stable in exosomes: a promising biomarker for cancer diagnosis. Cell
Res. 2015;25(8):981-4. https://doi.org/10.1038/cr.2015.82.


https://doi.org/10.1056/NEJMoa1606220
https://doi.org/10.1056/NEJMoa1606220
https://doi.org/10.1002/cncr.31384
https://doi.org/10.1002/cncr.31384
https://doi.org/10.1001/jama.281.17.1591
https://doi.org/10.1001/jama.281.17.1591
https://doi.org/10.1261/rna.035667.112
https://doi.org/10.1038/nature11928
https://doi.org/10.1038/nature11993
https://doi.org/10.1186/s12920-019-0616-2
https://doi.org/10.1371/journal.pone.0141214
https://doi.org/10.1371/journal.pone.0141214
https://doi.org/10.1038/cr.2015.82

Hansen et al. Genome Medicine

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

(2022) 14:8

Li'Y, Zhao J, Yu S, Wang Z, He X, Su Y, et al. Extracellular vesicles long RNA
sequencing reveals abundant mRNA, circRNA, and IncRNA in human blood

as potential biomarkers for cancer diagnosis. Clin Chem. 2019;65(6):798-808.

https://doi.org/10.1373/clinchem.2018.301291.

McShane LM, et al. REporting recommendations for tumour MARKer
prognostic studies (REMARK). Br J Cancer. 2005;93(4):387-91. https://doi.
0rg/10.1038/5} bjc.6602678.

D'Amico AV, et al. Biochemical outcome after radical prostatectomy,
external beam radiation therapy, or interstitial radiation therapy for clinically
localized prostate cancer. JAMA. 1998;280(11):969-74. https://doi.org/10.1
001/jama.280.11.969.

Dahl M, Daugaard |, Andersen MS, Hansen TB, Grenbzek K, Kiems J, et al.
Enzyme-free digital counting of endogenous circular RNA molecules in B-
cell malignancies. Lab Invest. 2018;,98(12):1657-69. https://doi.org/10.1038/
s41374-018-0108-6.

Gao Y, Zhang J, Zhao F. Circular RNA identification based on multiple seed
matching. Brief Bioinform. 2018;19(5):803-10. https://doi.org/10.1093/bib/
bbx014.

Hansen TB. Improved circRNA identification by combining prediction
algorithms. Front Cell Dev Biol. 2018;6:20. https://doi.org/10.3389/fcell.2018.
00020.

Li Z, Huang C, Bao C, Chen L, Lin M, Wang X, et al. Exon-intron circular
RNAs regulate transcription in the nucleus. Nat Struct Mol Biol. 2015;22(3):
256-64. https;//doi.org/10.1038/nsmb.2959.

Feng J, Chen K, Dong X, Xu X, Jin Y, Zhang X, et al. Genome-wide
identification of cancer-specific alternative splicing in circRNA. Mol Cancer.
2019;18(1):35. https://doi.org/10.1186/512943-019-0996-0.

Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for
differential expression analysis of digital gene expression data.
Bioinformatics. 2009;26(1):139-40. https://doi.org/10.1093/bioinformatics/
btp616.

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers
differential expression analyses for RNA-sequencing and microarray studies.
Nucleic Acids Res. 2015;43(7):e47. https://doi.org/10.1093/nar/gkv007.
Andersen CL, Jensen JL, @rntoft TF. Normalization of real-time quantitative
reverse transcription-PCR data: a model-based variance estimation approach
to identify genes suited for normalization, applied to bladder and colon
cancer data sets. Cancer Res. 2004,64(15):5245-50. https://doi.org/10.1158/
0008-5472.CAN-04-0496.

Gaujoux R, Seoighe C. A flexible R package for nonnegative matrix
factorization. BMC Bioinform. 2010;11(1):367. https.//doi.org/10.1186/1471-21
05-11-367.

Borgan R. In: Therneau TM, Grambsch PM, editors. Modeling Survival Data:
Extending the Cox Model. New York: Springer-Verlag; 2000. ISBN 0-387-
98784-3. Statistics in Medicine, 2001. 20(13): 2053-2054.

Robin X, Turck N, Hainard A, Tiberti N, Lisacek F, Sanchez JC, et al. pROC: an
open-source package for R and S+ to analyze and compare ROC curves.
BMC Bioinform. 2011;12(1):77. https//doi.org/10.1186/1471-2105-12-77.
Cooperberg MR, Hilton JF, Carroll PR. The CAPRA-S score. Cancer. 2011;
117(22):5039-46. https://doi.org/10.1002/cncr.26169.

Ding X, Zhang S, Li X, Feng C, Huang Q, Wang §, et al. Profiling expression
of coding genes, long noncoding RNA, and circular RNA in lung
adenocarcinoma by ribosomal RNA-depleted RNA sequencing. FEBS Open
Bio. 2018;8(4):544-55. https://doi.org/10.1002/2211-5463.12397.
Bachmayr-Heyda A, Reiner AT, Auer K, Sukhbaatar N, Aust S, Bachleitner-
Hofmann T, et al. Correlation of circular RNA abundance with proliferation —
exemplified with colorectal and ovarian cancer, idiopathic lung fibrosis and
normal human tissues. Sci Rep. 2015;5(1):8057. https://doi.org/10.1038/
srep08057.

Ahmadov U, Bendikas MM, Ebbesen KK, Sehested AM, Kjems J, Broholm H,
et al. Distinct circular RNA expression profiles in pediatric ependymomas.
Brain Pathol. 2021;31(2):387-92. https://doi.org/10.1111/bpa.12922.

Das Mahapatra K, Pasquali L, Sendergaard JN, Lapins J, Nemeth B, Baltas E,
et al. A comprehensive analysis of coding and non-coding transcriptomic
changes in cutaneous squamous cell carcinoma. Sci Rep. 2020;10(1):3637.
https://doi.org/10.1038/541598-020-59660-6.

Huang C, Deng H, Wang Y, Jiang H, Xu R, Zhu X, et al. Circular RNA
circABCC4 as the ceRNA of miR-1182 facilitates prostate cancer progression
by promoting FOXP4 expression. J Cell Mol Med. 2019,23(9):6112-9. https//
doi.org/10.1111/jcrm.14477.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

Page 16 of 16

Li X, Wang J, Zhang C, Lin C, Zhang J, Zhang W, et al. Circular RNA
CircITGAY inhibits colorectal cancer growth and metastasis by modulating
the Ras pathway and upregulating transcription of its host gene [TGA7. J
Pathol. 2018;246(2):166-79. https://doi.org/10.1002/path.5125.

Yang G, Zhang T, Ye J, Yang J, Chen C, Cai S, et al. Circ-lTGA7 sponges
miR-3187-3p to upregulate ASXL1, suppressing colorectal cancer
proliferation. Cancer Manag Res. 2019;11:6499-509. https://doi.org/1
0.2147/CMAR.S203137.

Wang J, Li Y, Zhou JH, Shen FR, Shi X, Chen YG. CircATRNL1 activates
Smad4 signaling to inhibit angiogenesis and ovarian cancer metastasis via
miR-378. Mol Oncol. 2021;15(4):1217-33. https://doi.org/10.1002/1878-02
61.12893.

Katoh M. Function and cancer genomics of FAT family genes (review). Int J
Oncol. 2012;41(6):1913-8. https://doi.org/10.3892/ij0.2012.1669.

Wang Z, Gao S, Han D, Han W, Li M, Cai C. LSD1 Activates PI3K/AKT
signaling through regulating p85 expression in prostate cancer cells. Front
Oncol. 2019;9:721. https;//doi.org/10.3389/fonc.2019.00721.

Liang Y, Ahmed M, Guo H, Soares F, Hua JT, Gao S, et al. LSD1-Mediated
epigenetic reprogramming drives CENPE expression and prostate cancer
progression. Cancer Res. 2017,77(20):5479-90. https://doi.org/10.1158/0008-
5472.CAN-17-0496.

Gao S, Chen S, Han D, Wang Z, Li M, Han W, et al. Chromatin binding of
FOXAT is promoted by LSD1-mediated demethylation in prostate cancer.
Nat Genet. 2020;52(10):1011-7. https://doi.org/10.1038/541588-020-0681-7.
Lai JP, Sandhu DS, Shire AM, Roberts LR. The tumor suppressor function of
human sulfatase 1 (SULF1) in carcinogenesis. J Gastrointest Cancer. 2008;
39(1-4):149-58. https.//doi.org/10.1007/512029-009-9058-y.

Brasil da Costa FH, et al. SULF1 suppresses Wnt3A-driven growth of bone
metastatic prostate cancer in perlecan-modified 3D cancer-stroma-
macrophage triculture models. PLoS ONE. 2020;15(5):¢0230354.

Cao S, Ma T, Ungerleider N, Roberts C, Kobelski M, Jin L, et al. Circular RNAs
add diversity to androgen receptor isoform repertoire in castration-resistant
prostate cancer. Oncogene. 2019;38(45):7060-72. https://doi.org/10.1038/
s41388-019-0947-7.

Jiang H, Lv DJ, Song XL, Wang C, Yu YZ, Zhao SC. Upregulated circZMIZ1
promotes the proliferation of prostate cancer cells and is a valuable marker
in plasma. Neoplasma. 2020,67(01):68-77. https;//doi.org/10.4149/neo_201
9_190213N116.

Luo J, Li'Y, Zheng W, Xie N, Shi Y, Long Z, et al. Characterization of a
prostate- and prostate cancer-specific circular RNA encoded by the
androgen receptor gene. Mol Ther Nucleic Acids. 2019;18:916-26. https.//
doi.org/10.1016/.0mtn.2019.10.015.

Kong Z, Wan X, Lu Y, Zhang Y, Huang Y, Xu Y, et al. Circular RNA circFOXO3
promotes prostate cancer progression through sponging miR-29a-3p. J Cell
Mol Med. 2020;24(1):799-813. https;//doi.org/10.1111/jcmm.14791.

Wang S, Su W, Zhong C, Yang T, Chen W, Chen G, et al. An eight-CircRNA
assessment model for predicting biochemical recurrence in prostate cancer.
Front Cell Dev Biol. 2020;8:599494. https.//doi.org/10.3389/fcell.2020.599494.
Li T, Sun X, Chen L. Exosome circ_0044516 promotes prostate cancer cell
proliferation and metastasis as a potential biomarker. J Cell Biochem. 2020;
121(3):2118-26. https://doi.org/10.1002/jcb.28239.

Hansen TB, Veng MT, Damgaard CK, Kjems J. Comparison of circular RNA
prediction tools. Nucleic Acids Res. 2016;44(6):€58. https://doi.org/10.1093/
nar/gkv1458.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1373/clinchem.2018.301291
https://doi.org/10.1038/sj.bjc.6602678
https://doi.org/10.1038/sj.bjc.6602678
https://doi.org/10.1001/jama.280.11.969
https://doi.org/10.1001/jama.280.11.969
https://doi.org/10.1038/s41374-018-0108-6
https://doi.org/10.1038/s41374-018-0108-6
https://doi.org/10.1093/bib/bbx014
https://doi.org/10.1093/bib/bbx014
https://doi.org/10.3389/fcell.2018.00020
https://doi.org/10.3389/fcell.2018.00020
https://doi.org/10.1038/nsmb.2959
https://doi.org/10.1186/s12943-019-0996-0
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1158/0008-5472.CAN-04-0496
https://doi.org/10.1158/0008-5472.CAN-04-0496
https://doi.org/10.1186/1471-2105-11-367
https://doi.org/10.1186/1471-2105-11-367
https://doi.org/10.1186/1471-2105-12-77
https://doi.org/10.1002/cncr.26169
https://doi.org/10.1002/2211-5463.12397
https://doi.org/10.1038/srep08057
https://doi.org/10.1038/srep08057
https://doi.org/10.1111/bpa.12922
https://doi.org/10.1038/s41598-020-59660-6
https://doi.org/10.1111/jcmm.14477
https://doi.org/10.1111/jcmm.14477
https://doi.org/10.1002/path.5125
https://doi.org/10.2147/CMAR.S203137
https://doi.org/10.2147/CMAR.S203137
https://doi.org/10.1002/1878-0261.12893
https://doi.org/10.1002/1878-0261.12893
https://doi.org/10.3892/ijo.2012.1669
https://doi.org/10.3389/fonc.2019.00721
https://doi.org/10.1158/0008-5472.CAN-17-0496
https://doi.org/10.1158/0008-5472.CAN-17-0496
https://doi.org/10.1038/s41588-020-0681-7
https://doi.org/10.1007/s12029-009-9058-y
https://doi.org/10.1038/s41388-019-0947-7
https://doi.org/10.1038/s41388-019-0947-7
https://doi.org/10.4149/neo_2019_190213N116
https://doi.org/10.4149/neo_2019_190213N116
https://doi.org/10.1016/j.omtn.2019.10.015
https://doi.org/10.1016/j.omtn.2019.10.015
https://doi.org/10.1111/jcmm.14791
https://doi.org/10.3389/fcell.2020.599494
https://doi.org/10.1002/jcb.28239
https://doi.org/10.1093/nar/gkv1458
https://doi.org/10.1093/nar/gkv1458

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Patient cohorts
	Cohort 1 (training)
	Cohort 2 (validation)
	RP cohort 3 (validation)
	Cohort 4 (liquid biopsy analyses)

	Study design
	Total RNA sequencing and circRNA quantification
	NanoString nCounter Codeset design and circRNA expression analysis
	Statistical analyses

	Results
	Profiling of circRNAs in prostate cancer
	Dysregulated circRNAs in prostate cancer
	Identification and selection of circRNA candidates for independent validation
	Validation of dysregulated circRNA candidates in prostate cancer
	Association of abundant circRNAs to clinicopathological parameters of prostate cancer aggressiveness
	Prognostic performance of individual circRNA candidates
	Development of a prognostic 5-circRNA signature to independently predict postoperative BCR
	Detectability of circRNA candidates in EV-enriched plasma samples from prostate cancer patients and controls

	Discussion
	Conclusions
	Abbreviations
	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

