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Abstract

Background: The challenge for prostate cancer (PCa) diagnosis is to improve the ability to distinguish indolent
from aggressive PCa. Increased urinary levels of Distal-less Homeobox 1 (DLX1) and Homeobox C6 (HOXC6) mRNA
have been associated with high-grade PCa (Gleason Score ≥7). Reverse transcriptase PCR (RT-PCR)-assays for the
quantification of DLX1 and HOXC6 mRNA levels were developed, and clinical validation showed that these urinary
markers can significantly improve accuracy for detection of high-grade PCa at biopsy. The aim of this study was to
validate the analytical performance of these mRNA-based assays, including specimen stability and analytical sensitivity,
specificity, precision, repeatability and reproducibility.

Methods: Analytical validation of the RT-PCR assays for DLX1, HOXC6 and KLK3 was performed using in vitro transcribed
(IVT) specimens of the target genes, covering all aspects of the analytical method including assay sensitivity, specificity,
linearity, precision, repeatability and reproducibility using pre-specified acceptance criteria. To confirm that the mRNA
assays are sufficient robust for use in clinical routine laboratories, the performance characteristics were verified in an
independent laboratory using post-DRE collected urine samples from 101 men scheduled for prostate biopsy.

Results: A stabilization buffer, developed for urine preservation under standard pre-processing conditions, makes sample
shipment from clinics to laboratories easily feasible. The mRNA in urine samples, preserved in this stabilization buffer, is
stable at room temperature up to 5 days from collection, resulting in 100% evaluable rate. The long term stability
of the mRNAs in the buffer was shown by similar clinical performances using RNA values obtained
immediately after urine collection (area under curve (AUC) 0.72(95% CI: 0.61–0.83)) and after 1-year storage (AUC 0.71
(95% CI: 0.60–0.81)). Test performance was not compromised by most common inhibitors and bacterial strains found in
urine. However, an inhibitory effect of hemoglobin was observed.
All precision, reproducibility, instrument and inter-laboratory variation data obtained for the mRNA-based assays met
the pre-specified acceptance criteria of a standard deviation less than or equal to 0.5 crossing point. The analysis of 99
whole urine samples at two laboratories indicated a very strong positive correlation (r = 0.997, P < 0.001). The test
outcome in terms of absolute difference in likelihood for high-grade PCa upon biopsy was less than 2% between
the two sites.

Conclusions: This study illustrates the robustness of the mRNA assays, enabling testing in clinical routine
laboratories and molecular pathology laboratories where the here described automated RNA extraction and
PCR platforms are available.
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Background
In the United States and Europe, prostate cancer (PCa)
is one of the most common cancers and one of the lead-
ing causes of cancer-related deaths [1, 2]. Globally, in
2012, an estimated 1.1 million men were newly diag-
nosed with PCa and 307.000 men died from the disease
[3]. Autopsy on men aged 80 years and older, who died
from other causes, revealed that almost 70% had PCa at
time of death [4]. This implies that the majority of PCa’s
are clinically insignificant and will have an indolent dis-
ease course. Less than 3% of men diagnosed with PCa
develop invasive, lethal disease [3]. Since the early
1990’s, serum prostate-specific antigen (PSA) testing is
widely used to screen for PCa. However, the limited spe-
cificity of PSA has resulted in a large number of negative
biopsies in healthy males and the diagnosis of indolent
cancers, leading to anxiety for potentially aggressive
occult PCa and overtreatment [5]. Therefore, the most
important challenge is to improve the ability to specific-
ally identify aggressive PCa at the time of diagnosis and
in an early stage of the disease.
Novel biomarkers with high specificity for aggressive

disease could aid in the decision for prostate biopsy and
hereby help to avoid the problem of unnecessary biop-
sies, overdiagnosis and overtreatment. Previously, a step-
wise selection process of mRNA-profiling data was
described, in which an mRNA-panel was identified for
predicting the presence of high-grade (Gleason score
(GS) ≥7) PCa upon biopsy using urinary sediments col-
lected after digital rectal examination (DRE) [6]. The
mRNA panel includes the genes Distal-less Homeobox 1
(DLX1) and Homeobox C6 (HOXC6). DLX1 is involved
in the acquisition of epithelial-neuroendocrine differenti-
ation, a characteristic associated with aggressive cancer
[7, 8]. HOXC6 is an upregulated homeobox gene in pri-
mary, metastasized and castration-resistant PCa [9]. These
biomarkers form the basis for a urine test that allows the
stratification of patients with high-grade disease. However,
analytical validation is key for the successful introduction
of these biomarkers to clinical practice.
Because of the ease of collection, and the fact that pros-

tate cells are directly released into the urethra through
prostatic ducts after DRE, whole urine has become the fu-
ture for non-invasive biomarker testing. It is a preferable
substrate since it does not require labor-intensive, time-
consuming urine processing procedures, whereas mRNA
yield is not compromised avoiding that differences in
handling of urine can affect the outcome of the analytical
assay. To minimize the variability, the post-DRE urine col-
lection procedure was standardized and the sample pre-
processing protocol was optimized with a stabilization
buffer specifically developed to this end.
For clinical validation of the DLX1 and HOXC6 bio-

markers, real-time polymerase chain reaction (RT-PCR)
assays were developed specifically designed for analysis of
whole urine samples from men considered for prostate bi-
opsy. The RT-PCR assays were developed to quantify
DLX1 and HOXC6 mRNA, in addition to Kallikrein-3
(KLK3) mRNA for reference purposes. The normalization
to KLK3 mRNA is used to control analytical variability as
well as prostate-related RNA input variability. An RNA
value was calculated by summing the normalized ratios of
DLX1 and HOXC6 mRNA. In whole urine the RNA value
was shown to be a good predictor for the detection of
high-grade PCa upon biopsy [6, 10]. The robust auto-
mated RNA extraction and PCR platforms that form the
base of these assays have contributed to the success of
these clinical validation studies. The inter- and intra-
laboratory variability was minimized through the imple-
mentation of standardized techniques which were relied
upon for both extraction and molecular analysis proce-
dures [11].
Here the analytical validation of the RT-PCR assays for

DLX1, HOXC6 and KLK3 is described, covering all as-
pects of the analytical method including assay sensitivity,
specificity, linearity, precision, repeatability and reprodu-
cibility using pre-specified acceptance criteria [12]. To
confirm that the mRNA assays are sufficient robust for
routine use in diagnostic laboratories, the performance
characteristics were verified in an independent Clinical
Laboratory Improvement Amendments (CLIA) accre-
dited laboratory.

Methods
Clinical sample collection
Voided urine samples were collected from a cohort of
99 men scheduled for prostate biopsies due to elevated
PSA levels, an abnormal digital rectal exam (DRE) or a
family history of PCa. Subjects were enrolled from six
urological outpatient clinics in the Netherlands between
July 2014 and December 2014. Men with verified PCa,
with prior PCa diagnosis, undergoing medical therapy
known to affect PSA levels, or men that underwent
prostate biopsy within 3 months prior to enrolment, or
invasive treatment for benign prostatic hyperplasia
(BPH) within 6 months prior to enrolment were ex-
cluded from the study. All participants signed a consent
form that was approved by the institutional review board
of the participating clinics. In Table 1, the characteristics
of the study population are presented.
After a six-stroke DRE, 30 ml of first void urine was col-

lected and 8 ml was immediately transferred to a urine
specimen transport tube containing 2 ml stabilization buf-
fer (Catalogue number UTXL32SE, MDxHealth B.V.,
Nijmegen, the Netherlands). Samples were shipped at
room temperature to MDxHealth clinical diagnostic la-
boratory (Nijmegen, the Netherlands) on the day of collec-
tion, after which the samples were stored at -80 °C. One



Table 1 Characteristics of the study population

Study cohort (n = 99)

Age (years) (mean (median:IQR)) 65.9 (66 : 62.0-69.0)

PSA (ng/mL) (mean (median:IQR)) 46.1 (7.4 : 5.5-11.6)a

Family history of PCa (no-yes-NA) 43.4%-13.1%-42.4%

First biopsy (n (%)) 91 (92.0%)

Prostate volume (mean (median:IQR)) 55.5 (49: 36-72)

PSA density (ng/mL x cc-1) (mean
(median : IQR))

0.89 (0.15 : 0.09-0.27)

DRE (abnormal) (%) 54 (54.5%)

PCa diagnosis (n (%)) 54 (54.5%)

Gleason score ≤6 (n (%)) 17 (31.5%)

Gleason score 7 (n (%)) 18 (33.3%)

Gleason score 8-10 (n (%)) 19 (35.2%)

DRE digital rectal examination, IQR inter quartile range, NA not applicable, PCa
prostate cancer, PSA prostate-specific antigen
aFour men had serum PSA values of more than 100 ng/mL. Without these
outliers the average PSA value was 12.1 ng/mL
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ml of each specimen was used for RT-PCR analysis of the
biomarkers in February 2015, and the remainder of the
sample was stored at -80 °C. In December 2015, each spe-
cimen was thawed and distributed into 4 aliquots of 1.1
ml, which were stored at -80 °C. Two aliquots of each
sample were shipped on dry ice to an independent CLIA
laboratory (MDxHealth Inc., Irvine, California, USA).
Throughout this manuscript, the laboratories in Nijmegen
and Irvine will be referred to as Lab A and Lab B,
respectively.

RNA extraction
Prior to extraction, the samples were thawed at 37 °C for
15 min, during which the tubes were inverted every
three minutes. Automated nucleic acid isolation using
the MagNA Pure 96 Instrument (Roche Life Science, In-
dianapolis, IN, USA) was performed with 1 ml of whole
urine per analysis using the DNA and Viral NA large
volume kit (Roche Life Science, Indianapolis, IN, USA)
according to the manufacturer’s instructions. One ml of
nuclease-free water was used as negative nucleic acid
isolation control (NAI-). The RNA of each extracted
specimen as well as the NAI- control was eluted in 50 μl
Elution buffer (Roche Life Science, Indianapolis, IN,
USA), the elution plate was sealed and stored in a
refrigerator at 2 to 8 °C.

Quantification of DLX1, HOXC6 and KLK3
For the analytical validation, a prototype amplification kit
(Labo Biomedical Products B.V., Rijswijk, the Netherlands)
was used. The reagents for the test include a singleplex
Taqman® Fast virus one-step PCR mastermix (Thermo-
Fisher Scientific, Waltham, MA, USA) for each of the 3
targets, a calibrator (Cal) and a reverse transcriptase (RT)-
control. The singleplex mastermixes contain TaqMan®
probe and primers for specific detection of either DLX1,
HOXC6 or KLK3, reverse transcriptase, Taq polymerase,
dNTPs and buffer. The calibrator consists of a multi-target
plasmid containing the relevant DLX1, HOXC6 and KLK3
sequences. The RT-control is a mix of in vitro transcribed
(IVT) RNA of HOXC6, DLX1, and KLK3 target sequences.
The calibrator (Cal 104), quantified to 10,000 copies of the
multi-target plasmid, and RT-control, quantified to 10,000
copies of IVT RNAs, were used as positive reference
controls in each run. Additionally, a NAI- and a no-
template control (NTC) were included in each run.
KLK3 was included as an endogenous positive nucleic
acid isolation control.
Per RT-PCR reaction, 14 μl of RNA specimen or con-

trol was mixed with 6 μl mastermix in a single well of a
LightCycler® 480 II multiwell plate (Roche Life Science,
Indianapolis, IN, USA). At Lab A, a LightCycler 480 II
96-well plate format was used whereas at Lab B a Light-
Cycler 480 II 384-well plate format was used. Regardless
of the plate format, 20 μl reaction was reverse-transcribed
and amplified in a LightCycler® 480 II system (Roche Life
Science, Indianapolis, IN, USA) using the following cyc-
ling conditions: 10 min 50 °C and 30 s 95 °C, followed by
50 cycles each consisting of 5 s 95 °C and 30 s 60 °C.
The levels of gene expression were calculated with the

absolute quantification analysis using the Crossing point
(Cp) as quantification point and the second derivative
maximum method implemented by the LightCycler® 480
II software version 1.5.0 (Roche Life Science, Indianapo-
lis, IN, USA). The normalized ratio (NR) of the target
gene, either HOXC6 or DLX1, relative to the KLK3 refer-
ence gene, was calculated using the delta delta Cp
method (ΔΔCp) [13].
An RNA value was calculated by summing the NR of

HOXC6 and DLX1. In the clinical setting, the RNA value
is combined with traditional clinical risk factors, including
PSA, DRE, prostate volume, age and family history using a
logistic regression model described by Van Neste et al.
[10]. The output of the clinical test is the likelihood of a
patient harboring high-grade PCa upon biopsy.

Analytical specificity
The specificity of the mRNA-based assays was determined
both theoretically and analytically, by assessing the cross-
reactivity. The theoretical specificity was investigated
using the NCBI’s Basic Local Alignment Search Tool
(BLAST) (version 2.3.0) tool. Sequences of primers,
probes and complete PCR amplicons of the targets DLX1,
HOXC6 and KLK3 were checked for homology to pseudo-
genes, non-target related sequences or sequences of other
organisms present in the GenBank® database. The individ-
ual sequences of DLX1, HOXC6 and KLK3 and the ampli-
con sequences were tested using search sets “Human
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genomic + transcript” and “Others”, including bacteria, vi-
ruses and other organisms, using programs MEGABLAST
and BLASTN. Human genomic sequences and other or-
ganism sequences were evaluated looking for potential
binding from the target sequences of the primers and
probes using the Primer-BLAST program.
Cross-reactivity was tested at least quadruplicate using

genomic DNA of eight bacterial and one yeast species
known to be commonly involved in urinary tract infections.
Bacteriuria as result of acute cystitis or acute pyelonephritis
is defined as the presence of 1.103 or more colony forming
units (CFU) per mL of urine. Based on the yield of the
bacterial cultures, 1.105 copies DNA/PCR were included
for Staphylococcus saprophyticus, Enterococcus faecium and
Escherichia coli, while for Klebsiella pneumoniae subspecies
pneumonia, Pseudomonas aeruginosa, Proteus mirabilis
and Enterobacter aerogenes 1.107 copies DNA/PCR were
used. Staphylococcus aureus and the yeast strain
Candida albicans were tested at both 1.105 copies
DNA/PCR and 1.107 copies DNA/PCR. In addition,
RNase-treated human genomic DNA was evaluated at
20 ng/PCR.

Analytical sensitivity
For each of the targets DLX1, HOXC6 and KLK3 serial
dilution series of IVT RNAs were made in carrier RNA
diluent (Labo Biomedical Products B.V., Rijswijk, the
Netherlands) (12 ng/μl), resulting in specimens with
IVT RNA concentrations of 640, 320, 160, 80, 40, 20
and 10 copies per RT-PCR reaction. To assess the limit
of detection (LOD) and the lower limit of quantification
(LLOQ) of the DLX1, HOXC6 and KLK3 assays, 12 rep-
licates of each IVT dilution were tested in 4 individual
RT-PCR experiments. The LOD was determined as the
lowest IVT concentration that could be detected in
≥95% of the samples. The LLOQ was determined as the
lowest IVT concentration that could be measured with
acceptable accuracy, determined as a standard deviation
(SD) <0.5 Cp.

Linearity
To determine linearity, specimens were used with DLX1,
HOXC6 and KLK3 IVT RNA concentrations of 107, 106,
105, 104, 103, 102 copies per RT-PCR reaction. The low-
est point was defined as 20% below LLOQ resulting in
16 copies/RT-PCR for DLX1 and KLK3 and 32 copies/
RT-PCR for HOXC6. For each target, six replicates of
each concentration were tested in 5 individual RT-PCR
experiments. Linearity was assessed using the polyno-
mial method by fitting quadratic and cubic regression
models and comparing whether these models were a
better fit than linear regression [14]. The assays were
considered linear if the cubic and quadratic variables for
a 2nd or 3rd order polynomial were not statistically
significant (P > 0.05) [15]. If either one of these higher-
order terms failed to meet the linearity criterion, the de-
viation from linearity (DLi) was assessed using a
weighted linear regression of the normalized Cp values
versus the logarithm of the copy-numbers for each input
concentration. If the absolute maximum DLi across con-
centrations was ≤ 0.5 Cp, the deviation was considered
minimal and linearity was established for the assay.

Precision
Precision assessment included PCR instruments, inter-
run, operator and intra-run variation. The overall preci-
sion of the assays was determined for DLX1, HOXC6
and KLK3 using three dilutions of IVT RNA’s with car-
rier RNA diluent (12ng/μl) (Labo Biomedical Products
B.V., Rijswijk, the Netherlands). The lowest copy num-
bers were defined as 2x (LLOQ + 3x SD), the other con-
centrations were based on 5x and 20x LLOQ. This
resulted in specimen with DLX1 concentrations of 400,
100 and 76 copies per RT-qPCR, KLK3 concentrations of
400, 100 and 67 copies per RT-PCR and 800, 200 and 125
copies of HOXC6 per RT-PCR. Eight replicates of each
IVT concentration were tested using three LightCycler
480 II instruments with a 384-well plate format (Roche
Life Science, Indianapolis, IN, USA), by 3 operators on 3
consecutive days. Specific sub-analyses of this dataset
allowed the analysis of the intra-run (repeatability), inter-
run precision (reproducibility), inter-instrument and inter-
operator precision, with the other factors being fixed.
Precision assessment of the combination of MagNA

Pure 96 Instrument and LightCycler® 480 II instrument
(Roche Life Science, Indianapolis, IN, USA) was done
using urine samples of anonymous healthy males, stabi-
lized in stabilization buffer as previously described. For
this purpose, 2000 LNCaP cells/mL were added to the
urine after which the samples were distributed into 4 ali-
quots of 1.1 mL and stored at -80 °C. RNA extraction
and PCR amplification were performed in triplicate by 2
operators on 4 days.
All assays were considered precise if the SD ≤ 0.5Cp.

The reproducibility and robustness of the assays were
further assessed during an external precision experi-
ment, in which a total of 99 post-DRE urine specimens
were tested side-by-side study in two independent la-
boratories (Lab A and Lab B). Beforehand, it was defined
that between laboratories the urine test outcome in
terms of absolute difference in likelihood for high-grade
PCa upon biopsy was not allowed to be more than 2%.

Interference testing
To study the potential loss of assay sensitivity due to
interfering endogenous substances that can occur in
urine, e.g. uric acid, hemoglobin, white blood cells, red
blood cells, albumin, bilirubin and human IgG, high
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concentrations of these potential interfering substances
were added to urine (Table 2). For this purpose, mock
urine samples were prepared using pooled healthy donor
urine spiked with the biomarker-positive cell line LNCaP
at two concentrations. In total, two urine samples con-
taining 20,000 cells/mL and two urine samples contain-
ing 10,000 cells/mL were tested in duplicate.
Westgard et al. defined guidelines for the interpret-

ation of a control result that is 1SD, 2SD, or 3SD from
the mean [16]. The average SD of 0.3 used in this ana-
lysis was obtained from the precision experiments done
for the instrument combination. The Westgard rules
were used for data analysis of the interference study with
a difference in Cp value of less than 1 SD scored 0
(within the 67% confidence interval (CI)), less than 2 SD
scored 1 (within the 95% CI), less than 3 SD (within the
99% CI) scored 2 and differences larger than 3 SD
scored 3. When using a specific candidate interfering
substance, multiple scores of 2 and 3 were considered
inhibition.

Effect of the stabilization buffer on clinical performance
The performance of the stabilization buffer was validated
through a direct comparison of the RNA value obtained
from urine samples collected in the stabilization buffer
from a cohort of 99 men scheduled for prostate biopsies
and the RNA value obtained from samples in Progensa®
urine transport medium (Hologic Inc., San Diego, CA,
USA). The latter data were obtained from two published,
independent prospective multicenter studies, clinical
study A (n = 519 samples) and B (n = 386 samples) [10].

Stabilization buffer stability
The stability of urine specimens in the stabilization buf-
fer was evaluated by processing urine of five patients
Table 2 Test concentrations versus normal concentration of
endogenous substances in urine

Urine Constituents Test concentration Normal concentration
in urine

Hemoglobin 2 mg/mLa <3 μmol/L

Uric Acid 0.235 mg/mL 0.034-0.070 mg/mL
(male)

Human IgG 3 mg/mL <6μg/mL

Bilirubin 0.12 mg/mL not present in the
urine of normal,
healthy individuals.

Albumin 1 mg/mL (Albuminuria
criteria)

<30 mg/24 h

Leukocytes 4.5x104 cells/mL <10 leukocytes/high
powered field

Red blood cells
(RBC)

3.0x104 cells/mL <3 RBC/high powered
field

RBC red blood cells
aThis test concentration is far higher than typically expected in clinical practice
incubated at 4 °C, room temperature and 30 °C up to 15
days after collection. From the start, all samples were
split into two aliquots and analyzed in duplicate after
which RNA extraction, RT-PCR and RNA value calcula-
tion were performed.
The influence of transit time on RNA value was deter-

mined using the 99 samples processed in the stabilization
buffer. The number of samples received on Day 1 (day of
collection) and Days 2, 3, 4–6 were 56, 16, 17 and 10 re-
spectively. Furthermore, the effect of decline in RNA value
due to RNA degradation on the likelihood score for high-
grade PCa was studied. The 56 samples received at the
day of collection (Day 1) were used for this analysis as
these samples were considered to be least affected by
RNA degradation. Additionally, the RNA stability was
tested after 1-year storage at -80 °C using the 99 samples
processed in the stabilization buffer.

Statistical analysis
Statistical analyses were performed with SPSS v.20.0
(IBM Corp., Armonk, NY, USA) and R v.3.2.1 (R Foun-
dation for Statistical Computing, Vienna, Austria). Be-
cause calculated RNA values are continuously increasing
with patient risk, the performance was assessed and
evaluated as area under the curve (AUC) of the receiver
operating characteristic (ROC). The 95% confidence in-
tervals and comparisons of AUCs were determined using
DeLong’s method as implemented in the R package
pROC [17]. The non-parametric Wilcoxon signed-rank
test was used to compare the results obtained for 99
urine samples tested in Lab A and Lab B. Analysis of
Variance (ANOVA) and the Kruskal-Wallis test were
used to test for differences between the medians of RNA
values over transit days at room temperature. For each
comparison between two groups, if P <0.05, the conclu-
sion is that they differ significantly from each other.

Results
Analytical specificity
BLAST searches revealed that the target sequences of
DLX1, HOXC6 and KLK3 showed no homology to the
DNA of bacteria, viruses, other organisms or other hu-
man DNA or RNA sequences. Cross-reactivity experi-
ments were conducted to determine the practical
specificity, using human genomic DNA and genomic
bacterial DNA as template for the mRNA-based assays.
No cross-reactivity was observed for human genomic
DNA and most bacterial strains and yeast strain as ob-
tained Cps were below the LOD. Some genomic bacter-
ial DNA’s resulted in a very low signal for KLK3 only,
with the highest result for Enterobacter aerogenes (max.
113 copies). However, the amplification curves of this bac-
terial strain had an aberrant pattern and analysis of the
PCR products using a TapeStation instrument (Agilent
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Technologies Inc., Santa Clara, CA, USA) confirmed that
the signal obtained was non-specific (data not shown).
Even if the signal cannot be separated from a true posi-
tive one, it would account for only <1% of the reference
gene KLK3 and the impact on test results can be con-
sidered negligible.

Analytical sensitivity
The analytical performance of the mRNA-based assays
was assessed and the established limits of detection and
quantification are depicted in Table 3. The LLOQ for
KLK3 and DLX1 was determined at 20 copies/RT-PCR
and the LLOQ for HOXC6 was determined at 40 copies/
RT-PCR. However, repeat experiments to verify this dif-
ference of LLOQ between HOXC6 versus KLK3 and
DLX1, showed that an LLOQ of 20 copies/RT-PCR
could also be established for HOXC6. All assays had
LODs ranging from Cp 35.97–38.26, corresponding to
10 copies of target RNA. The LLOQs ranged from Cp
35.20–36.01, indicating that all assays can be accurately
quantified from 20 copies of target RNA upward. For all
RT-PCR assays the ULOQ was 107 copies/RT-PCR, as
determined in the linearity experiment, establishing a
working range of 10 to 107 copies for all genes.

Linear range
Both the DLX1 and HOXC6 mRNA-based assays were
linear over the entire range of dilutions as established by
the non-significant coefficients of the cubic and quad-
ratic variables (P > 0.05) in the second and third order
polynomial regression analyses (Table 4). The Cp values
ranged from 16.74 to 36.49 (corresponding with 107–16
copies/RT-PCR) for DLX1, and from 16.40 to 36.30 (cor-
responding with 107–32 copies/RT-PCR) for HOXC6.
Since the cubic and quadratic variables were statisti-

cally significant for KLK3 (P < 0.001), this assay was not
considered linear when all seven concentrations were
taken into account (Table 4). If only five dilutions with
≥1000 copies KLK3/RT-PCR were included, the assay
was linear. To assure sufficient input material for the
clinical assay, a minimum of 10,000 copies of KLK3 need
to be present. Hence, the assay is linear in the range of
its clinical performance.
The deviation from linearity (DLi) was assessed for the

KLK3 mRNA-based assay. When all seven concentra-
tions were taken into account, the DLi was within the
Table 3 The analytical measurement range of the assays for DLX1, H

Target LOD in copies/RT-PCR (Avg Cp) LLOQ in

DLX1 10 (37.24) 20 (36.0

HOXC6 10 (38.26) 20 (36.0

KLK3 10 (35.97) 20 (35.2

Avg average, Cp crossing point, DLX1 Distal-less Homeobox 1, HOXC6 Homeobox C6
RT-PCR reverse-transcriptase polymerase chain reaction, ULOQ Upper Limit of Quan
preset limits and hence, the KLK3 assay was considered
sufficiently linear, even when fewer than 1000 copies
were present (Fig. 1).
In summary, all mRNA-based assays can accurately

quantitate their RNA target sequence over the entire eval-
uated range of concentrations, encompassing those that
can occur in whole urine specimens.

Precision
Precision of the mRNA-based assays was evaluated
under various conditions covering inter-run, PCR instru-
ment and operator variation. The average Cp and SD Cp
of the results are shown in Table 5. The overall precision
was determined by testing the reproducibility of a sam-
ple tested at three concentrations in 8 replicates between
three operators, three instruments and 3 days resulting
in SD of the Cp ranging from 0.1 to 0.3.
Intra-run precision was based on 8 data points per

concentration, generated by one operator on the same
day and on the same machine resulting in SD of the Cp
ranging from 0.1 to 0.5. Inter-run precision was based
on 24 data points per concentration, generated by one
operator on three different days, with the SD of the Cp
ranging from 0.1 to 0.4. Inter-instrument precision was
based on the 24 data points per concentration, generated
on three different PCR instruments by one operator on
the same day, resulting in SD of the Cp ranging from 0.1
to 0.4. Finally, inter-operator precision was based on 24
data points per concentration, generated by three different
operators on the same day and on the same PCR instru-
ment, resulting in SD of the Cp ranging from 0.1 to 0.3.
The precision of MagnaPure and LightCycler® 480 II

Instruments combination was based on 33 data points
generated by two operators on four different days using
aliquots of urine mixed with 2000 LNCaP cells/mL. An
average Cp of 22.7 with an SD of 0.3Cp was obtained for
KLK3, a Cp of 28.2 with an SD of 0.3Cp for HOXC6 and
a Cp of 31.9 with an SD of 0.3Cp for DLX1. All precision
measurements demonstrated a robust analytical per-
formance, with overall precision SD of maximum 0.3Cp
being within the acceptance criteria of ≤0.5.

Interference testing
The most common urinary substances were evaluated for
potential interference with the actual assay outcome, i.e.
hemoglobin, uric acid, bilirubin, albumin, white blood
OXC6 and KLK3

copies/RT-PCR (Avg Cp) ULOQ in copies/RT-PCR (Avg Cp)

0) 107 (16.74)

1) 107 (16.40)

0) 107 (16.74)

, KLK3 Kallikrein-3, LOD Limit of Detection, LLOQ Lower Limit of Quantification,
tification



Table 4 P-values associated with the polynomial regression coefficients for the dilution series

Regression Type Coefficient DLX1 HOXC6 KLK3 (7 concentrations) KLK3 (5 concentrations)

2nd order Quadratic P-value 0.7 0.7 <0.001 0.7

3rd order Quadratic P-value 0.3 0.9 <0.001 0.8

Cubic P-value 0.3 0.9 <0.001 0.8

DLX1 Distal-less Homeobox 1, HOXC6 Homeobox C6, KLK3 Kallikrein-3
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cells, red blood cells and monoclonal immunoglobulins
such as human IgG and the Westgard scores are shown in
Table 6.
Most constituents were shown to be no inhibitors of

the assays. However, in half of the samples studied,
hemoglobin resulted in Westgard scores of 2 for DLX1
and HOXC6. While there is typically no free hemoglobin
present in urine, it appears in urine of patients with
hemoglobinuria due to e.g. acute glomerulonephritis,
kidney cancer, malaria or pyelonephritis, giving urine a
purple color. Red blood cells will be absent in urine of
patients with hemoglobinuria, in contrast to hematuria,
as a result of urinary tract infections or bladder cancer.
Although intact red blood cells do not impact the test
results, free hemoglobin due to damaged red blood cells
could act as an inhibitor.

Clinical performance bridging study
The clinical performance of the mRNA-based assays was
validated through an external precision experiment, per-
formed in an independent laboratory. To this purpose,
RNA was extracted from 99 whole urine samples col-
lected post-DRE. Sample validity was based on KLK3 in
the sample, which can be considered as a measure for
Fig. 1 DLi determined for the KLK3 mRNA assay is illustrated by this plot in
the RNA concentration for each sample
the presence of cellular or exosome content originating
from the prostate, and the LOD of the DLX1 and
HOXC6 mRNA assays. The decision tree to determine
sample validity is shown in Fig. 2.
The number of valid samples was 99 resulting in an

informative rate of 100%. The inter-laboratory variation
was determined for each mRNA-based assay. Per labora-
tory, the Cp value of the sample was subtracted from the
Cp value obtained for the calibrator of each target. This
was only done for Cp values ≤ LLOQ, since these can be
accurately quantified. For each sample the difference be-
tween the Cp values obtained at Lab A and Lab B was
calculated per target (Fig. 3).
Non-inferiority testing showed that the absolute differ-

ence between the Cp values was not significantly higher
than the 0.5Cp defined in the precision experiments as the
maximum variation of the mRNA-based assays (P = 0.8 for
DLX1, P = 0.1 for HOXC6 and P = 1.0 for KLK3), showing
robust performance of the test between laboratories.
The diagnostic performance of the mRNA-based as-

says for DLX1, HOXC6 and KLK3 was determined using
the RNA value obtained for these 99 samples analyzed
independently at Lab A and Lab B. The ROC was used
to visualize the diagnostic efficacy of the RNA value for
which the average DLi (red asterix) and 95% CI are plotted against



Table 5 Precision of DLX1, HOXC6, and KLK3 mRNA-based assays

DLX1 HOXC6 KLK3

Copies/RT-PCR 400 100 76 800 200 125 400 100 67

Overall precision Avg Cp 31.7 33.8 34.3 31.2 33.4 34.1 31.3 33.3 33.8

SD Cp 0.2 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3

Intra-run precision (repeatability) Avg Cp 31.6 33.8 34.2 31.1 33.4 34.1 31.3 33.2 33.4

SD Cp 0.1 0.3 0.3 0.1 0.2 0.2 0.1 0.3 0.5

Inter-run precision (reproducibility) Avg Cp 31.8 33.8 34.4 31.2 33.4 34.1 31.4 33.4 33.9

SD Cp 0.1 0.3 0.4 0.1 0.2 0.2 0.2 0.2 0.4

Inter-instrument precision Avg Cp 31.7 33.9 34.3 31.2 33.4 34.2 31.4 33.4 33.9

SD Cp 0.1 0.2 0.4 0.1 0.3 0.2 0.1 0.2 0.3

Inter-operator precision Avg Cp 31.7 33.8 34.5 31.1 33.4 33.9 31.4 33.4 33.9

SD Cp 0.1 0.2 0.3 0.3 0.2 0.2 0.1 0.2 0.3

Avg average, Cp crossing point, DLX1 Distal-less Homeobox 1, HOXC6 Homeobox C6, KLK3 Kallikrein-3, SD standard deviation
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the detection of high-grade PCa. The AUC of the ROC
obtained at Lab A (AUC= 0.71 (95% CI:0.60–0.81)) was
not statistically significant different (P = 0.2) from the
AUC obtained at Lab B (AUC= 0.73 (95% CI:0.62–0.83)).
To further validate the robustness of the assays be-

tween both laboratories, the outcome of the previously
published logistic regression prediction model compris-
ing the RNA values and traditional clinical risk factors
i.e. PSA, prostate volume, DRE and family history, was
used as validation [10]. A strong correlation coefficient
(r = 0.997) was obtained between both laboratories as
shown in Fig. 4, and this correlation was shown to be
significant (P = 2.2.10-16). The clinical performance of
the likelihood scores for the detection of high-grade PCa
Table 6 Westgard scores for interference testing

We

Sam

Urine Constituent DLX

spiked with 20.000 LNCap cells/mL Uric Acid 0

Bilirubin 0

Albumin 0

Hemoglobin 0

Human IgG 0

Red blood cells (RBC) 0

Leukocytes 0

spiked with 10.000 LNCap cells/mL Uric Acid 0

Bilirubin 0

Albumin 0

Hemoglobin 0

Human IgG 0

Red blood cells (RBC) 0

Leukocytes 0

DLX1 Distal-less Homeobox 1, HOXC6 Homeobox C6, KLK3 Kallikrein-3, RBC red bloo
at Lab A (AUC = 0.92 (95% CI:0.84–0.99)) was not sta-
tistically significant different (P = 0.3) from the clinical
performance at Lab B (AUC = 0.92 (95% CI:0.85–0.99).
These results are in line with the clinical performance
(AUC = 0.90 (95% CI:0.85–0.95)) obtained in the valid-
ation study recently described by Van Neste et.al. [10].
The absolute difference between the results in terms

of likelihood for high-grade PCa upon biopsy was shown
not to be significantly higher than 2% (P = 1.0), showing
robust performance of the test between laboratories.

Clinical performance stabilization buffer
To avoid RNA degradation, the samples should be stabi-
lized immediately after urine collection and for this purpose
stgard Score

ple 1 Sample 2

1 HOXC6 KLK3 DLX1 HOXC6 KLK3

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 2 1 1

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 2 2 1

1 1 1 0 1

0 0 0 0 0

0 0 0 0 0

d cells



Fig. 2 Decision tree to determine sample validity
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a stabilization buffer was developed. Assay performance for
the prediction of high-grade PCa upon biopsy using sam-
ples collected in this buffer (Clinical trial C: AUC 0.71
(95%CI: 0.60–0.81) was comparable to the performance
using samples collected in Progensa® urine transport
medium (Clinical Trial A: AUC 0.76 (95%: 0.71–0.81) and
Clinical trial B: AUC 0.73 (95%: 0.67–0.78)), as indicated by
the non-significant differences in AUC’s (Trial A versus C;
P = 0.4, Trial B versus C; P = 0.8).

Stabilization buffer and assay robustness
To determine the maximum allowable transport condi-
tions for sample transfer from clinic to the laboratory, the
Fig. 3 Box plot showing the absolute difference in Cp for each
target gene obtained for 99 urine samples analyzed at Lab A and
Lab B. The box represents the inter-quartile range and the line in the
box represents the median. The whiskers represent the minimum and
maximum values observed. The open circles represent outliers
robustness of the RNA value was evaluated over a period
of 2 weeks at 4 °C, room temperature and 30 °C. The
RNA values were calculated relative to the average
RNA value obtained on Day 1 (Fig. 5). Until Day 5
from collection, there was no significant signal deg-
radation for samples stored at room temperature and
4 °C (P = 0.5 for storage duration and P = 0.6 for stor-
age temperature).
Post-DRE collected whole urine in stabilization buffer

resulted in max. 15% decrease of RNA value up to 4 days
after collection at either 4°C or room temperature. At
30 °C, the 15% decrease in RNA value was already obtained
on Day 2 from collection. Temperature had a significant
Fig. 4 Scatter plot showing the correlation between the likelihood
profiles for high-grade PCa upon biopsy obtained for 99 urine samples
analyzed at Lab. A and Lab. B with y = 0.982, r = 0.997 and P < 0.001



Fig. 5 Influence of temperature and time on RNA value using samples
collected in stabilization buffer. The influence of RNA degradation on
RNA level should not be greater than 15% as indicated by dotted line
at 85%
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effect on the RNA value for longer storage periods
(P < 0.05). However, up to Day 4 from collection, neither
temperature (P = 0.1) nor storage duration (P = 0.3) had a
significant effect on the RNA value.
The influence of transit time on RNA value was also

determined using the 99 evaluable urine samples in
stabilization buffer (Fig. 6) and was shown to be minimal
as no significant differences (P = 0.9) were observed be-
tween the medians of RNA values obtained for Day 1
(56 samples) through Day 4 (10 samples).
The influence of RNA degradation on the likelihood

for high-grade PCa was determined. Using the 56 sam-
ples collected on Day 1, the influence of 15% RNA value
decrease on the likelihood for high-grade PCa was calcu-
lated and resulted in ≤2% change in likelihood score for
high-grade PCa.
Fig. 6 Boxplot summarizing the influence of time on RNA value
using samples collected in stabilization buffer. The box represents
the inter-quartile range and the line in the box represents the median.
The whiskers represent the minimum and maximum values observed
Finally, the long-term stability was tested before and
after a storage period of 1 year at -80 °C. The clinical
performance using RNA values obtained immediately
after urine collection (AUC 0.72(95% CI: 0.61–0.83)) and
after 1-year storage (AUC 0.71 (95% CI: 0.60–0.81)) was
not affected, as illustrated by the non-significant differ-
ence between the AUC’s (P = 0.5).

Discussion
The major challenge in PCa detection and management
is to differentiate aggressive from non-aggressive cancer
at an early stage of this disease. Currently, PCa diagnosis
is driven by PSA, fostering overdiagnosis and overtreat-
ment of indolent tumors. A test that would better separ-
ate men with high-grade PCa from those with indolent
or no disease is urgently needed. Previously, it was shown
that high-grade PCa could be detected using a urinary
biomarker-based risk score [10]. This test, based on two
mRNA assays for the DLX1 and HOXC6 biomarkers, was
developed on the LightCycler 480 II platform for the spe-
cific detection of high-grade PCa in urinary samples.
KLK3 transcripts, considered as a measure for the pres-
ence of content from prostatic origin, i.e. cells or exo-
somes, was used as reference marker to normalize the
DLX1 and HOXC6 signals. In men considered for biopsy,
e.g. due to elevated PSA, the RNA value combined with
other clinical risk factors led to an improved patient risk
stratification for high-grade PCa [10].
Although clinical validity is of obvious importance,

analytical validity and ease of use are essential for the
successful implementation of novel diagnostic tests into
clinical practice. In this report, we have described the
stability testing of mRNA using a stabilization buffer and
a simplified urine sample collection method, and dem-
onstrated the robust analytical performance of the quan-
titative mRNA assays.
An important aspect of this study is the comparison of

the clinical performance characteristics of the mRNA-
based assays between two independent laboratories
using whole urine collected post-DRE from a cohort of
99 men considered for prostate biopsy. For each target it
was shown that the absolute difference in Cp per sample
was not significantly higher than the maximum variation
obtained in the precision studies for the assays (0.5 Cp).
This is an important aspect assuring assay robustness, as
it implicates that the variation introduced by different
MagNa Pure 96 instruments and different laboratories
does not significantly affect the overall precision or in-
fluence the patient’s result. Whole urine collected post-
DRE from a cohort of 99 men considered for prostate
biopsy showed no statistical difference in clinical per-
formance between two laboratories. Furthermore, an ab-
solute difference between the results in terms of
likelihood for high-grade PCa upon biopsy was shown to
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be significantly lower than 2%, demonstrating the robust
performance of both the standardized automated RNA
extraction and RT-PCR assays.
Overall, the mRNA-based assays for DLX1, HOXC6 and

KLK3 exhibited a precise and robust behavior, with the
natural variation or experimental noise being the main
factor influencing the outcome. The variation introduced
by the operator, different runs, PCR instrument or even
the combination of automated RNA extraction and PCR
platform (96 well versus 384 well format), RNA extraction
instrument and different laboratory settings was limited
and considered well within the allowable limits. The assay
results were accurate and reproducible for the quantifica-
tion of expression levels of the three targets over a wide
range of concentrations, covering the typical content of a
post-DRE whole urine sample. This illustrates that the
mRNA-based assays are suitable for clinical testing, not
only in routine or reference laboratories, but also in
general molecular pathology laboratories.
High quality urine samples are key to minimize poten-

tial bias in results. Therefore, no more than 30 ml first
catch urine should be collected after a six-stroke DRE in
order to prevent false negative results due to a dilution
effect. To avoid RNA degradation, a stabilization buffer
was developed allowing temporary preservation of the
mRNA in whole urine and resulting in a high rate of
evaluable samples under routine collection conditions.
Easy sample shipment from clinics to laboratories is
feasible as the RNA of urine samples in this stabilization
buffer is stable at room temperature up to 5 days from
collection, assuring standardized, reproducible and reli-
able results. Using this buffer, the clinical performance
was comparable to the test performance shown in two
independent clinical studies using Progensa® urine trans-
port medium. Furthermore, it was demonstrated that
RNA in whole urine collected in this stabilization buffer
was stable for 1 year at -80 °C, as the same clinical per-
formance in terms of AUC was obtained.
The influence of inhibitory substances that may occur

in urine on the assays was also evaluated. Although in-
tact red blood cells in urine were not inhibitory, free
hemoglobin was indicated as a possible inhibitor of the
mRNA-based assays for HOXC6 and DLX1. Hemoglobin
is known to potentially act as an inhibitor to PCR reac-
tions [18]. The inhibition of hemoglobin on these assays
was surprising, since the manufacturer of the PCR master
mix specially recommended it for use with whole blood
samples. However, the results should be interpreted with
caution as the evaluated hemoglobin concentration
hemoglobin (2 mg/ml) is the equivalent of ~69,000,000
lysed red blood cells containing 29 pg hemoglobin per cell
[19]. This high concentration even caused clotting of the
compound in urine sample 1 (Table 6) showing no inhib-
ition. Such high concentrations of hemoglobin are only
representative for patients with gross hematuria and pa-
tients with hemoglobinuria presenting with purple urine
as result of the presence of free hemoglobin. Gross
hematuria only occurs in 4 per 1000 urological patients,
and has not been observed in over 1000 urine samples
that were tested in clinical validation studies [10, 20]. In
case of gross hematuria, intact red blood cells will contain
most of the hemoglobin, hence free hemoglobin is not
likely to pose a problem. Testing inhibition in urine sam-
ples of patients instead of inhibitory compounds, will yield
a more accurate reflection of diagnostic test performance.
The automated RNA extraction and PCR platform

used in this validation study contribute to the robust
performance of the mRNA assays. Easy-to-use and effi-
cient handling is provided by both platforms allowing
standardized extraction and analysis of large numbers of
samples. Since platform or reagent change might affect
the clinical performance of the assays, it is recom-
mended to routinely monitor the analytical characteris-
tics using appropriate quality controls for each batch of
samples analyzed, guaranteeing reliable results for the
likelihood of high-grade PCa.
Conclusion
The analytical validation of the mRNA-based assays for
DLX1, HOXC6 and KLK3 indicate a precise and robust
performance. A standardized whole urine sample collec-
tion procedure, a widely used automated RNA extraction
and PCR platform contribute to the overall good per-
formance of the assays. Results of this study illustrate
the robustness of the assays, enabling testing in routine
laboratories but also in general molecular pathology la-
boratories that have both platforms available. Independ-
ent clinical studies have shown that the RNA value can
complement and improve upon the existing pre-biopsy
risk assessment tools, such as PSA, to predict the likeli-
hood of finding high-grade PCa upon biopsy. The com-
bination of these mRNA-based assays with simple
specimen processing will provide physicians with test re-
sults from a robust and reliable mRNA-based urine test.
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