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in patients with prostate-specific antigen 
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Abstract 

The aim of this study was to identify a urine extracellular vesicle circular RNA (circRNA) classifier that could detect 
high‑grade prostate cancer (PCa) of Grade Group (GG) 2 or greater. For this purpose, we used RNA sequencing to 
identify candidate circRNAs from urinary extracellular vesicles from 11 patients with high‑grade PCa and 11 case‑
matched patients with benign prostatic hyperplasia. Using ddPCR in a training cohort (n = 263), we built a urine 
extracellular vesicle circRNA classifier (Ccirc, containing circPDLIM5, circSCAF8, circPLXDC2, circSCAMP1, and circCCNT2), 
which was evaluated in two independent cohorts (n = 497, n = 505). Ccirc showed higher accuracy than two standard 
of care risk calculators (RCs) (PCPT‑RC 2.0 and ERSPC‑RC) in both the training cohort and the validation cohorts. In all 
three cohorts, this novel urine extracellular vesicle circRNA classifier plus RCs was statistically more predictive than RCs 
alone for predicting ≥ GG2 PCa. This assay, which does not require precollection digital rectal examination nor special 
handling, is repeatable, noninvasive, and can be easily implemented as part of the basic clinical workflow.

Keywords: Prostate cancer, Circular RNA (circRNA), Diagnosis, Urine, Extracellular vesicle

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Prostate cancer (PCa) is the second most commonly diag-
nosed cancer in men [1].Currently, serum prostate-spe-
cific antigen (PSA) is the only widely used biomarker for 
PCa. Unfortunately, the low specificity (25–40%) of PSA 
in the so-called grey zone of PSA levels 2.0–10.0 ng/mL 
has resulted in a substantial increase in benign unneces-
sary biopsies along with the detection of clinically indo-
lent disease [2]. Thus, there is an urgent need of more 

precise measures for identifying clinically significant PCa 
(high-grade PCa of Grade Group [GG] 2 or greater).

Many non-coding RNAs (eg, microRNAs, long non-
coding RNAs, circular RNAs [circRNAs]) have been 
reported to play key roles in cancer progression, show-
ing great potential to impact cancer diagnostics [3]. 
Specifically in PCa, 76,311 circRNAs have been identi-
fied through RNA sequencing of tumour specimens [4]. 
Interestingly, cancer-specific non-coding RNAs have 
been identified in extracellular vesicles [5]. Compared 
with linear RNAs, circRNAs have covalently linked ends 
of a single RNA molecular and appear a higher stability, 
which makes them to be more advantageous as poten-
tial molecular diagnostic markers [4]. In this study, we 
aimed to analyze circRNA expression profiles from 
urine-derived extracellular vesicles in high-grade PCa 
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to develop a multi-circRNA-based classifier to detect 
high-grade PCa at initial biopsy. We evaluated the perfor-
mance of this urine extracellular vesicle circRNA classi-
fier in the training cohort, and validated externally it in 
two large independent cohorts. We also compared this 
assay performance with two standard of care risk calcula-
tors (RCs), Prostate Cancer Prevention Trial (PCPT)-RC 
2.0 and European Randomized Study of Screening for 
Prostate Cancer (ERSPC)-RC [6, 7].

Results and discussion
Participants and clinicopathological characteristics
We collected 1265 first-catch non-digital rectal exami-
nation (DRE) urine samples (80–100  ml) from the three 
cohorts of 1265 eligible participants who had not been 
diagnosed with PCa, were aged 45  years or older, had a 
PSA 2.0–10.0  ng/mL, and scheduled for an initial pros-
tate needle biopsy. Participants among these three cohorts 
(the training cohort, n = 263; validation cohort 1, n = 497; 
validation cohort 2, n = 505) were comparable with respect 
to general patient characteristics. (Fig S1, Table  S2). All 
patients underwent at least 10-core transrectal ultra-
sound-guided biopsies and a central pathological review 
of all diagnostic biopsies. The GG was recorded according 
to the modified Gleason grading system using the Inter-
national Society of Urological Pathology consensus [8]: 
GS2-6 = GG1, GS 3 + 4 = GG2, GS4 + 3 = GG3, GS8 = GG4 
and GS9-10 = GG5. The total positive biopsy rate was 
49.05% (21.67% GG1 and 27.38% ≥ GG2) for the training 
cohort, 40.64% (16.70% GG1 and 23.94% ≥ GG2) for valida-
tion cohort 1, and 47.52% (18.42% GG1 and 29.11% ≥ GG2) 

for validation cohort 2 (Table S2). This study was approved 
by the ethics committee at each study centre, and all par-
ticipants provided written informed consent.

RNA sequencing of urinary extracellular vesicles
In the discovery stage, we collected urine from 11 
patients with high-grade PCa and 11 case-matched 
patients with benign prostatic hyperplasia (Table  S1). 
The RNA sequencing was conducted by Illumina 
Hiseq X Ten system (Illumina, San Diego, CA, USA) 
on paired-end mode with length 150 bases following 
the vendor’s recommended protocol (Supplementary 
materials and methods). We defined the statistical cri-
teria for selecting differentially expressed circRNAs 
using |fold changes|≥ 2.0 with p values < 0.05. We have 
deposited the RNA sequencing data reported in this 
study into the National Center for Biotechnology Infor-
mation’s Gene Expression Omnibus (https:// www. ncbi. 
nlm. nih. gov/ geo/ query/ acc. cgi? acc= GSE14 7761).

In total, we identified 2231 urine extracellular vesi-
cle circRNAs that had significantly different levels 
between individuals with benign prostatic hyperplasia 
and those with high-grade PCa. Of these 2231 circR-
NAs, 18 circRNAs were upregulated in high-grade PCa 
and 2213 downregulated (Fig. 1, Table S3). These results 
are in accordance with previous reports that in general 
decreased circRNA levels were observed in PCa tumour 
samples compared to benign tissues [9]. Upregulated 
circRNAs may play oncogenic roles, promoting PCa 
cell proliferation, invasion, and migration, while down-
regulated circRNAs might have tumour suppressive 

Fig. 1 Differentially expressed urine extracellular vesicle circRNAs between individuals with benign prostatic hyperplasia and those with high‑grade 
prostate cancer using RNA sequencing. (A) In the clustered heatmap, each column represents an individual sample, and each row represents 
an individual circRNA. The expression values were log2 transformed. (B) Eighteen candidate circRNAs displaying higher levels in patients with 
high‑grade prostate cancer than those with benign prostatic hyperplasia according to the criteria using |fold changes|≥ 2.0 with p values < 0.05. 
circRNAs = circular RNAs

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE147761
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE147761
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functions, suppressing the survival, migration, invasion, 
and drug resistance of cancer cells [4, 9]. Because we 
were mainly interested in the potential markers which 
were practical and convenient to identify high-grade 
PCa in clinical practice, we focused on the 18 circRNAs 
that were increased in patients with high-grade PCa 
compared to patients with benign prostatic hyperplasia.

Selection of candidate circRNAs and building a classifier
We confirmed the 18 increased circRNAs by digital drop-
let PCR (ddPCR) in 263 urine samples, which were col-
lected from the training cohort of 263 participants (72 
patients with high-grade PCa and 191 controls [includ-
ing 134 patients with benign prostatic hyperplasia and 57 
patients with GG1]) (Table S6-S8). Compared with those 
with benign prostatic hyperplasia, 18 of the candidate 
circRNAs were raised in the urine extracellular vesicles 
of patients with high-grade PCa. We used three models 
(linear discriminant analysis, support vector machine, 
and logistical regression) to build circRNA classifiers that 
could differentiate individuals with high-grade PCa from 
controls. Each circRNA combination with one model was 
considered as one classifier. Receiver operating charac-
teristic (ROC) analysis was used to assess the area under 
receiver operating characteristic (AUC), accuracy, sensi-
tivity, and specificity of the circRNA classifiers. Among 
all circRNA combinations with different models, a five-
circRNA combination (which included circPDLIM5, circ-
SCAF8, circPLXDC2, circSCAMP1, and circCCNT2) had 
high performance with all three models.

The ideal circRNA classifier, denoted as Ccirc, was con-
structed with logistical regression model, showing the 
largest AUC. (AUC, 0.820, Table  S4, S5). The predicted 
probability of being diagnosed as high-grade PCa by 
Ccirc was calculated by:

Four circRNAs (circSCAF8, circPLXDC2, circSCAMP1, 
and circCCNT2) included in our Ccirc have been 

Logit
[

p = high − grade PCa
]

= −8.689 + 0.292

× circPDLIM5 + 0.064

× circCCNT2 + 0.053

× circSCAF8 + 0.108

× circPLXDC2 + 0.080

× circSCAMP1.

reported to be upregulated in PCa cells [4], suggesting 
that the altered expression of these circRNAs may con-
tribute to PCa development.

Validating the classifier
On comparing the performance of Ccirc with alternative 
models, Ccirc was superior to PCPT-RC 2.0, ERSPC-
RC, and PSA alone for predicting ≥ GG2 PCa in both 
the training and validation cohorts (Fig.  2, Table  S6). 
We then integrated this five-circRNA signature to two 
standard of care RCs, PCPT-RC 2.0 and ERSPC-RC, 
for predicting ≥ GG2 PCa. The addition of this five-
circRNA signature achieved superior performance 
than did PCPT-RC 2.0 or ERSPC-RC alone, shown 
by a larger AUC (Fig.  2, Table  S6). There were statisti-
cally significant differences in the median Ccirc values 
between patients with ≥ GG2 PCa and those with biopsy 
negative/GG1 PCa (p < 0.0001 for the training cohort, 
p < 0.0001 for the validation cohort 1, and p < 0.0001 for 
the validation cohort 2, Fig S4). Using a Ccirc cut-point 
of 7.539 copies/ml for predicting ≥ GG2 PCa in the 
training cohort, Ccirc showed an NPV of 93.01% with 
a sensitivity of 86.11% and would have avoided 50.57% 
of all biopsies (n = 263) or 69.63% of unnecessary, nega-
tive/GG1 biopsies (n = 191). This assay missed 10 of 72 
(13.89%) ≥ GG2 cancers of which three were ≥ GG3. 
Similarly, the 7.539 copies/ml cut-point in the valida-
tion cohort 1 yielded a similar NPV of 87.50% and sen-
sitivity of 66.39%, while avoiding 56.34% of biopsies, 
and 40 of 119 (33.61%) ≥ GG2 cancers were missed of 
which 17 were ≥ GG3. In the validation cohort 2, the 
same cut-point produced a NPV of 87.71% and sensi-
tivity of 74.83%, while avoiding 52.28% of biopsies, and 
37 of 147 (25.17%) ≥ GG2 cancers were missed of which 
18 were ≥ GG3 (Table  S7). The distributions of biopsy 
results from patients with different Ccirc values in 
the training and validation cohorts were also shown in 
waterfall plots (Fig S4).

This classifier (Ccirc) is designed to target the intended 
use population of patients with an equivocal PSA range 
(2.0–10.0  ng/mL) at initial biopsy, where standard of 
care variables (ie, age, race, family history, and PSA 
level) are less informative. Moreover, Ccirc alone had an 
AUC of 0.807–0.820, while four commercially available 
urinary biomarkers (Progensa PCA3, ExoDx prostate, 

Fig. 2 Performance of the Ccirc to detect high‑grade PCa. Area under receiver operating characteristic curves (AUC) are shown to compare 
performances of the Ccirc in (A) the training cohort (n = 263), (C) the validation cohort 1 (n = 497), and (E) the validation cohort 2 (n = 505) with and 
without PCPT‑RC, ERSPC‑RC, and PSA alone. The corresponding net benefit analysis for the three cohorts is shown (B) for the training cohort, (D) for 
the validation cohort 1, and (F) for the validation cohort 2. Ccirc = classifier containing five circRNAs. PCa = prostate cancer. PSA = prostate‑specific 
antigen. ERSPC‑RC = European Randomized Study of Screening for Prostate Cancer risk calculator. PCPT‑RC = Prostate Cancer Prevention Trial risk 
calculator

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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SelectMDx, and MiPS) was 0.70–0.77, supporting robust 
performance of Ccirc. In addition, all these commercial 
urine tests, except for ExoDx prostate, need a DRE prior 
to collection [10, 11].

In the decision curve analyses (Fig. 2), compared with 
PSA and clinical-only models (ie, PCPT-RC 2.0, ERSPC-
RC), Ccirc showed a higher net benefit across a wide 
range of decision threshold probabilities. In both the 
training and validation cohorts, Ccirc showed near-per-
fect calibration, with the predicted probabilities of high-
grade PCa accurately, describing the true risk observed 
(Fig S3).

There is evolving understanding that GG2 and ≥ GG3 
diseases have different cancer phenotypes. The ability 
to discriminate GG2 vs ≥ GG3 categories has impor-
tant clinical implications for PCa management and 
prognosis [12]. We also investigated Ccirc value dif-
ferences between GG2 category and ≥ GG3 category 
in the training and validation cohorts. We found 
that there were statistically significant differences in 
Ccirc values between these two categories, suggest-
ing that this noninvasive assay may have the potential 
to differentiate individuals with GG2 PCa from those 
with ≥ GG3 disease (Fig S4). For patients with ≥ GG2 
diseases, the minimum value of Ccirc was 5.41 copies/
ml for the training cohort, 4.85 copies/ml for valida-
tion cohort 1, and 3.94 copies/ml for validation cohort 
2. In addition, 161 urine samples were collected from 
72 high-grade PCa patients in the training cohort after 
radical prostatectomy: 62 at 3 months, 54 at 6 months, 
and 45 at 12  months. Ccirc values significantly fell 
after radical surgery in all these patients. The median 
Ccirc value in urine before surgery was 8.51 (standard 
deviation: 1.19) copies/ml, and values dropped after-
wards (7.99 [1.30] copies/ml at 3  months, p = 0.0211; 
7.81 [1.10] copies/ml at 6 months, p = 0.0057; and 7.74 
[1.17] copies/ml at 12  months, p = 0.0048, indicating 
that the increase of these circRNAs in urine extracel-
lular vesicle might result from enhanced expression or 
secretion of circRNAs from PCa cells. (Fig S5) The dis-
advantage of this assay is possible technical inconven-
iences of handling large urine volumes (at least 80 ml) 
during RNA extraction.

Conclusions
In summary, our data suggest that Ccirc could iden-
tify ≥ GG2 PCa in patients presenting for their initial 
biopsies with a PSA 2.0–10.0  ng/mL. It could improve 
two standard of care RCs (PCPT-RC 2.0 and ERSPC-
RC) for predicting clinically significant PCa, with the 
potential to reduce unnecessary biopsies. In addition, 
this assay, which does not require precollection DRE nor 

special handling, is repeatable, noninvasive, and can be 
easily implemented as part of the basic clinical workflow.
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