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Abstract

Purpose: New markers that enable the percentage of transitional cell carcinomas (TCC) of the
bladder that are diagnosed before invasion of the bladder muscle layers to be increased would
reduce the morbidity and mortality associated with this disease. The purpose of this study was
to develop a simple, accurate urine test based on mRNA markers and simple gene signatures that
(a) could detect TCC before muscle invasion while maintaining high specificity in patients with
hematuria or urinary tract infections and (b) identify patients most likely to have grade 3 or stage
zT1disease.
Experimental Design: RNA markers with high overexpression in stage Ta tumors and/or T1 to
T4 tumors but low expression in blood or inflammatory cells were characterized by quantitative
reverse transcription-PCR using 2 mL of voided urine from 75 TCC patients and 77 control
patients with other urological diseases.
Results: A combination of the RNAs CDC2, MDK, IGFBP5, and HOXA13 detected 48%, 90%,
and 100% of stage Ta, T1, and >T1 TCCs, respectively, at a specificity of 85%. Detection of Ta
tumors increased to 60% for primary (non-recurrent) Ta tumors and 76% forTa tumors z1cm in
diameter. Test specificity was 80% for the 20 control patients with urinary tract infections. The
combination of CDC2 and HOXA13 distinguished between grade 1 to 2 TCCs and grade 3 or
stage zT1TCCs with f80% specificity and sensitivity.
Conclusions: Simple gene expression signatures can be used as urine markers for the accurate
detection and characterization of bladder cancer.

There are f360,000 new cases of bladder cancer worldwide
annually and f145,000 deaths from the disease (1). About
30% of tumors have invaded into or beyond the muscularis
propria at the time of diagnosis. Patients with these muscleinvasive tumors (stages T2-T4) have 10-year recurrence-free
survival rates ranging from >80% for organ-confined tumors
to f30% for tumors with regional lymph node metastases (2).
Muscle-invasive tumors are generally treated by radical cystectomy with bilateral pelvic lymph node dissection followed by
urinary diversion. In contrast, tumors that have not invaded
the muscularis propria (stage Ta, T1, and in situ carcinomas)
are usually resected by organ-preserving transurethral resection
and present 10-year survival rates of 70% to 85% (2). Screening

high-risk groups, such as the elderly, cigarette smokers, and
certain occupational groups including truck drivers, painters,
and workers in the textile dye and rubber tire industries (3, 4),
would be predicted to lead to a higher proportion of tumors
being identified at the pre – muscle-invasive stage and an overall
decrease in the bladder cancer burden.
Recent studies using high-throughput microarray analysis have
shown that mRNA expression profiles are a powerful method for
discriminating between bladder tumors and normal urothelium
and defining subgroups of bladder tumors (5–8). The informativeness of these expression profiles and the high frequency
of tumor cell exfoliation into urine have raised the prospect
of using simple gene expression signatures obtained from urine
total RNA to better diagnose bladder cancer and provide more
information on disease characteristics at the time of diagnosis.
We hypothesized that mRNAs with high overexpression in
transitional cell carcinomas (TCC) compared with normal
urothelium and low expression in blood and inflammatory
cells would constitute sensitive urine markers that also showed
high specificity in patients presenting with hematuria or urinary
tract infections. Further, we predicted that using a combination
of markers would provide greater test accuracy by accounting
for tumor heterogeneity and the marked differences in gene
expression that occur between low-grade, well-differentiated
TCCs and poorly differentiated, high-grade cancers (8, 9).
Here, we describe the selection and validation of mRNA markers for the detection of TCC that are significantly overexpressed
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Urine quantitative reverse transcription-PCR. All primers and probes
(Supplementary Table S1) were obtained from Integrated DNA
Technologies. The fluorophore/quencher pair for all markers was
JOE/BHQ-1, with the exception of HOXA13, which used FAM/BHQ-1.
Both singleplex and multiplex probe quantitative reverse transcriptionPCRs (qRT-PCR) were run in 16 AL single-well reactions incorporating
RNase OUT (Invitrogen), RNase H- SuperScript III (Invitrogen), and
FastStart Taq Polymerase (Roche) using MicroAmp optical 96-well
reaction plates (Applied Biosystems). Each reaction contained the
following: 3 AL RNA, 0.275 Amol/L each primer, 0.225 Amol/L each
probe, 10 mmol/L DTT, 4.5 mmol/L MgSO4, 2.64 AL FastStart GC Rich,
0.375 mmol/L deoxynucleotide triphosphate mix (dATP, dGTP, dCTP,
and dUTP), 0.625 Amol/L ROX, 1 FastStart PCR buffer, 1.5 units
FastStart Taq Polymerase, 1.25 units SuperScript III, and 1 unit RNase
OUT. RNA templates were plated using a Biomek NX liquid handling
multiaxis robot with subsequent addition of qRT-PCR master mix.
Plates were sealed using MicroAmp optical adhesive film (Applied
Biosystems) and centrifuged at 1,000 rpm for 1 min. Thermocycling
was conducted on an ABI Prism 7000 series qPCR machine using ROX
as a passive reference unless otherwise stated. Cycling conditions were
as follows: 50jC for 15 min, 95jC for 8 min, 10 cycles of 95jC for
15 s and 60jC for 2 min followed by 30 cycles of 95jC for 15 s
and 60jC for 1 min. All reactions were done in duplicate.
qPCR data analysis. To avoid variability in the analysis of
individual plates using the autoanalysis function of the ABI Prism
SDS version 1.2.3 software, a threshold for each detector was set
manually, whereby the slope of the standard curve approached -3.32
and the R 2 value approached 1. The data set for each probe was then
analyzed using these manual thresholds. This method minimizes
detector bias on a plate with large numbers of high or low C T samples.
Dilutions (1:16) of a reference RNA (derived from pooled cell line
RNAs) were included on each plate to generate a standard curve ranging
from 0.3 pg/AL to 20 ng/AL. To provide standardization across PCR
plates, C Ts were expressed as DC Ts, where DC T = C T (sample) - C T
[reference RNA (20 ng/AL)]. DC Ts were averaged across the duplicates.
Statistical procedures. qRT-PCR DC T values were used to generate
classification scores by Fisher linear discriminant analysis (LDA). This
analysis generates a formula (the linear discriminant, LD1) that is a
linear combination of DC T values and can be used to discriminate
between the two classes of samples (i.e., non-TCC versus TCC). LD1
was determined for each marker or combination of markers using
10 rounds of 10-fold cross-validation to test performance. When only a
single marker is analyzed, LDA reduces to a scaling of the DC T values.
Each round of 10-fold cross-validation was carried out by first
randomly dividing the samples into 10 stratified groups (across TCC
and non-TCC samples), and then LDA was carried out to determine the
value of LD1 for 1 of the 10 groups using the remaining samples to
train the classifier. This was repeated for each of the 10 groups so that,
during a particular round of cross-validation, each sample is ‘‘left out’’
of the training exactly once. Our approach was to do the 10 rounds of
10-fold cross-validation training using samples from patients with
primary TCC and those with nonmalignant urological conditions or
other urological cancers. Samples from TCC patients with recurrent
disease were included in the 10-fold cross-validation testing phase but
were not used in the training of the classifiers.
Values for sensitivity and specificity, as well as 95% confidence
ranges for these values, were obtained using the LD1 values (for each
marker or combination of markers) and the distribution of these values
across training runs. The 95% confidence range for sensitivity at a given
specificity was obtained by first calculating the 95% confidence limit for
the cutoff value (corresponding to that specificity) and then calculating
the 95% confidence interval for the sensitivity at the extreme values
for the cutoff. The values of LD1 for each sample were assumed to be
normally distributed across different training runs.
The ability of CDC2-HOXA13 to discriminate between tumors of
different stage and grade was determined in a similar manner. In this
case, the choice of training group was kept to those primary tumors that

in both early- and late-stage disease, have low expression in blood
and inflammatory cells, and are stable in urine. Combination of
these markers into a multiplex test provides for greater sensitivity
than can be achieved with single markers and also provides a
means to differentiate between low-grade Ta tumors and tumors
that are either high grade or have an invasive phenotype.

Materials and Methods
Patients/samples. All samples were obtained from patients treated at
the Department of Urology, Kyoto University Graduate School of
Medicine between 2000 and 2006. Cancer stages were assigned according to the International Union Against Cancer tumor-node-metastasis
staging system (10). Grades were assigned using the WHO criteria (11)
and reviewed by two pathologists. Fifty-eight TCC samples were
obtained by cold-cup biopsy at the time of transurethral resection for
use in the mRNA quantification study. A further 18 normal urothelium
samples were obtained by stripping the epithelium of ureters extracted
at the time of radical nephrectomy for renal cell carcinoma (12). Voided
urine samples were obtained from an independent series of TCC
patients; 36 samples were from patients with no prior history of bladder
cancer, and 39 samples were from patients under surveillance for
bladder cancer recurrence. Seventy-seven voided urine samples were
also obtained from patients with nonmalignant diseases in whom
bladder tumors were excluded by flexible cystoscopy. These samples
were from patients with urinary tract infections (n = 20), other
nonmalignant urological diseases including benign prostate hyperplasia, urolithiasis, and neurogenic bladder (n = 24), and nonbladder
urological cancers (n = 33). Five of 20 of the urinary tract infection
patients had hematuria and 20 of 20 had cystitis, as evidenced by
positive urine WBC counts. Urine cytology results were available for
patients with confirmed TCC; samples with cytology grades 4 to 5 were
classified as positive for TCC. This study was approved by the
Institutional Review Board of Kyoto University Graduate School.
Written informed consent to participate in the study was obtained from
each patient before surgery according to the local ethical guidelines.
RNA extraction. Tumor and nonmalignant tissues were collected
into RNAlater (Qiagen), homogenized in RLT lysis buffer (Qiagen), and
stored at -80jC. The RNA was purified using Trizol extraction
(Invitrogen) and RNeasy mini kits (Qiagen). The methodology for
the extraction of RNA from urine was based on the method of Menke
and Warnecke (13). Briefly, voided urine samples were first mixed
with an equal volume of RNA extraction buffer [5.64 mol/L guanidine thiocyanate, 0.5% sarkosyl, 50 mmol/L sodium acetate (pH 6.5),
1 mmol/L h-mercaptoethanol; pH adjusted to 7.0 with 1.5 mol/L
HEPES (pH 8.0)]. Total RNA was purified from the urine/extraction
buffer mix by Trizol extraction and the RNeasy procedure. Briefly, 4 mL
urine/extraction buffer was mixed with 3 mL Trizol and 5 Ag poly(A)
carrier RNA (Roche) in 15 mL heavy Phaselock tubes (Eppendorf).
Chloroform (0.6 mL) was added and the mixture was centrifuged at
3,200  g for 10 min at 4jC. Absolute ethanol (0.53 volume) was
added to the aqueous layer and loaded onto RNeasy mini columns on a
vacuum manifold. RNA was eluted in 35 AL water by centrifugation.
The extraction of RNA from blood was done using Trizol/RNeasy
extractions on cells enriched from whole blood by sedimentation in
3.6% dextran (14).
Tissue/blood quantitative PCR. Single-stranded cDNA synthesis was
done on 2 Ag RNA using oligo(dT) priming and SuperScript II
(Invitrogen). Quantitative PCR (qPCR) was done on 50 ng cDNA in
16 AL reactions using either 300 nmol/L primers, 275 nmol/L FAM/
TAMRA dual-labeled Taqman probes (Supplementary Table S1), or
Applied Biosystems Assays-on-Demand and 2 ROX qPCR master mix
(Abgene). Reactions were heated to 95jC for 15 min before being
cycled 40 times between 95jC for 15 s and 60jC for 1 min. Reactions
were done in duplicate on an ABI Prism 7000 qPCR machine and
analyzed using the SDS version 1.2.3 software.
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were positive in the uRNA-D diagnostic (TCC versus non-TCC) assay.
Again, 10 rounds of 10-fold cross-validation were conducted using LDA
to generate discriminants.
All analyses were done using the R package for statistical computing.4 The LDA and logistic regression (generalized linear models)
analysis used the MASS package, and ROC curves (15) and sensitivity
and specificity analyses were carried out using the ROCR package (16).

presenting with nonmalignant urological disease or urological
cancer other than TCC was analyzed. The mean age of TCC
cases and controls in the cohort was 72 and 69 years, respectively. Eighty-two percent and 79% of the TCC patients and
controls were male, respectively.
qRT-PCR was done on all samples using each of the markers
CDC2, MDK, IGFBP5, and HOXA13 and the DC Ts were
determined. In addition to assessing the performance of
individual markers, we used LDA to develop a multivariate test
that consisted of all four markers (designated uRNA-D).
Sensitivities and specificities for each individual marker and
uRNA-D were determined and the characteristics of each test
were further evaluated using ROC curves (16). Because of the
potential effect on test characteristics of samples from patients
with urinary tract infections, test sensitivities and specificities
were calculated both in the absence and presence of 20
infection samples. Figure 1 shows ROC curves for the detection
of TCCs of stage Ta, stage zT1, grade 1 to 2, and grade 3 in the
absence of the infection samples (75 TCCs and 57 non-TCC
controls). Separate curves are shown for each of MDK, IGFBP5,
HOXA13, CDC2, and the test that combined all four markers
(uRNA-D). At high specificity (>90%), IGFBP5 and HOXA13
showed greater sensitivity of detection of low-stage/low-grade
tumors than MDK and CDC2. However, MDK and CDC2 were
markedly more sensitive in the detection of high-grade and
high-stage TCCs across the entire ROC curve. The ROC curve
for uRNA-D was comparable with both CDC2 and MDK for the
high-grade/high-stage TCCs and to IGFBP5 and HOXA13 for
the low-stage/low-grade tumors at high specificity.
The sensitivity of each individual marker and the combination assay uRNA-D in this cohort of 75 TCCs and 57 infectionnegative controls is shown in Table 2 at a specificity of 85%. At
this specificity, MDK and CDC2 were the single markers with
the highest sensitivity for high-stage/high-grade TCCs. MDK,
for example, detected 87% of grade 3 tumors, 90% of stage T1
tumors, and 100% of stage >T1 tumors. uRNA-D detected 91%
of grade 3 tumors, 90% of stage T1 tumors, and 100% of stage
>T1 tumors. IGFBP5 and MDK showed the greatest sensitivity
for low-stage/low-grade TCC, although both only detecting
41% of all stage Ta cancers in this study (comprising TCCs
detected in both the primary and surveillance settings). This
detection rate increased to >50% for the detection of primary Ta
tumors alone and to f60% for the detection of larger Ta
tumors (>1 cm). uRNA-D showed better detection of low-stage/
low-grade disease, with 48% of all Ta tumors in this cohort
being detected. This increased to 60% for the detection of
primary Ta tumors and 76% for the detection of Ta tumors z1
cm. Urine cytology compared poorly to the RNA markers,
detecting only 13%, 40%, and 80% of the Ta, T1, and stage >T1
TCCs in this series, respectively (Table 2).
At the same overall test specificity used in Table 2 (85%), the
inclusion of the infection samples into the non-TCC control
group had minor effects on the sensitivity of IGFBP5, HOXA13,
and MDK: IGFBP5 and HOXA13 showed small improvements
in sensitivity and MDK showed no more than a 3% loss in
performance for any tumor stage or grade (Table 3). There was,
however, a significant change in CDC2, with an average 10%
decrease in sensitivity across the different tumor stage and grade
classifications. The effect on the combination assay, uRNA-D,
was intermediate to the single marker tests, showing, for
example, 1% and 3% decreases in the sensitivity of detection of

Results
Selection of candidate diagnostic markers. Candidate urine
markers were selected from a bladder cancer gene expression
array data set obtained using custom-printed arrays containing 30,000 oligonucleotides (MWG Biotech) corresponding to
f26,600 different genes (11). The array data for genes with
high overexpression in either stage Ta or T1 to T4 tumors
(compared with nonmalignant urothelium) were validated by
qRT-PCR (Table 1) using RNA extracted from 18 normal
urothelium samples and up to 28 Ta tumors and 30 stage T1 to
T4 tumors. Of 14 candidate markers, the DNA replication genes
TOP2A and CDC2 showed the highest median overexpression
in both stage T1 to T4 tumors and stage Ta tumors but also a
pronounced differential between these tumor stages. TOP2A
and CDC2 also showed the least overlap between normal and
tumor tissues, with 93% of T1 to T4 tumors and 88% of Ta
tumors having expression greater than the 95th percentile of
the expression in normal urothelium. BIRC5 showed high
median overexpression in T1 to T4 tumors but poor overall
separation between tumors and normals, with only 11% of the
T1 to T4 tumors having expression higher than the 95th percentile of the normal samples. Five candidate markers (ENG,
IGFBP5, NRP1, SEM2, and HOXA13) showed greater overexpression in stage Ta tumors than stage T1 to T4 tumors, with the
greatest differential being shown by HOXA13 and IGFBP5.
MDK showed consistent, but relatively low, overexpression in
all tumor types and no differential between Ta and T1 to T4
cancers.
To test the accumulation of these markers in urine, qRTPCR was carried out with each candidate using total urine
RNA extracted from a preliminary series of patients with
confirmed TCC, other urological cancers, and nonmalignant
urological indications, including infection and hematuria. A
decision to include each marker in further analysis was made
based on the reproducibility of each qRT-PCR assay, the
differential between marker accumulation in TCC patients
and controls, and the level of expression in blood or
inflammatory cells. Blood or inflammatory cell expression
was estimated by qRT-PCR assays of RNA extracted from
whole blood (results not shown) and reference to the EST
counts in blood and lymph found in the UniGene EST Profile
Viewer.5 Following this triage, CDC2, MDK, IGFBP5, and
HOXA13 were selected for the final development of assays for
both TCC detection and stratification of patients with lowand high-risk disease.
Detection of TCC. To characterize the selected markers and
develop an algorithm for their combined use, a cohort of 75
urine samples from TCC patients and 77 samples from patients

4
5
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Table 1. qPCR analysis of candidate bladder cancer markers in tumors and normal urothelium
Candidate

Sperm-associated antigen 5
Topoisomerase (DNA) IIa 170 kDa
Cell division cycle 2, G1 to S and G2 to M
Endoglin (Osler-Rendu-Weber syndrome 1)
Insulin-like growth factor binding protein 5
Neuropilin 1
Epidermal growth factor – like domain,
multiple 6
Matrix Gla protein
Semaphorin sem2
Ubiquitin-conjugating enzyme E2C
Homeobox A13
Midkine (neurite growth-promoting factor 2)
Baculoviral IAP repeat-containing 5 (survivin)
SMC4 structural maintenance of
chromosomes 4-like 1 (yeast)

Symbol

Stage T1-T4

Stage Ta

Median T:N
fold change

%T >95th percentile
of normal

Median T:N
fold change

SPAG5
TOP2A
CDC2
ENG
IGFBP5
NRP1
EGFL6

40
128
121
4
n/c*
7
4

27/29 (93%)
27/29 (93%)
27/29 (93%)
16/28 (57%)
n/c*
25/28 (90%)
15/27 (55%)

8
39
27
8
7
10
4

MGP
SEM2
UBE2C
HOXA13
MDK
BIRC5
SMC4L1

3
6
44
4
2
28
6

17/29
21/29
14/30
13/28
16/27
3/28
17/29

(59%)
(72%)
(47%)
(46%)
(59%)
(11%)
(59%)

n/c*
9
11
11
2
9
3

%T >95th percentile
of normal
20/24
21/24
21/24
23/27
15/25
20/25
16/24

(83%)
(88%)
(88%)
(85%)
(60%)
(80%)
(67%)

n/c*
18/24 (75%)
4/27 (15%)
18/27 (67%)
15/22 (68%)
4/26 (15%)
12/28 (43%)

Abbreviations: T, tumor; N, normal urothelium; n/c, not confirmed by qPCR.
*Gene expression array data showed no differential between IGFBP5 expression in stage T1 to T4 tumors and nonmalignant urothelium nor
between MGP expression levels in stage Ta tumors and nonmalignant urothelium.

85% specificity were reanalyzed. ROC curves showing the
discrimination between stage, grade, and combined stage/grade
classes were drawn separately for MDK, HOXA13, CDC2, and
HOXA13-CDC2 combined (Fig. 2A-C). In each case, the greatest accuracy in discriminating between classes was provided by
the combined HOXA13-CDC2 test. At 80% specificity, this combination (designated uRNA-S) showed 42% and 73% accuracy when differentiating between low-grade/high-grade TCC
and stage Ta/stage T1 to T3 TCC, respectively. The sensitivity
for discriminating between grade 1 to 2 TCCs and high-risk
TCCs, which had progressed to either grade 3 or stage zT1,
was 82%.

grade 1 to 2 and grade 3 TCCs, respectively. Analysis of ROC
curves generated using the 75 TCC samples and either the 57
noninfection controls or the 20 infection samples alone
confirmed that infection samples have no negative effect on
overall test sensitivity for IGFBP5 and HOXA13 in the 80% to
100% specificity range and only a minor effect on MDK and
uRNA-D (Supplementary Fig. S1).
The specificity of each marker and uRNA-D for the different
non-TCC control groups is shown in Table 4. With the
specificity for all 77 control samples set at 85%, the specificity
for the infection samples alone ranged from 75% for CDC2 to
100% for HOXA13; uRNA-D had an intermediate specificity for
the infection samples of 80%. There were no major differences
in the marker specificities for the non-TCC cancers nor for the
other types of benign urinary tract disease.
Overall, these results indicate that combining the individual
markers CDC2, MDK, IGFBP5, and HOXA13 into a multiplex
test (uRNA-D) leads to better sensitivity than when the
constituent markers are used alone. Further, the infection study
supports our approach of triaging markers based on their
expression in blood and inflammatory cells to provide a urine
test, which is more specific when these cell types are present in
urine.
Severity prediction. The reciprocal expression patterns of
CDC2 and HOXA13 in tumor tissue from stage Ta TCCs and
stage T1 to T4 TCCs (Table 1) and the different characteristics of
these markers in urine samples from patients with low-stage/
low-grade compared with high-stage/high-grade disease (Fig. 1)
led us to hypothesize that a combination of these markers
would enable patients with TCC to be stratified into groups
with high and low probability of having TCC that is advanced
in grade (grade 3) or stage (stage zT1). This stratification
would allow the identification of patients in primary care who
are likely to require more urgent clinical workup.
To test this hypothesis, qRT-PCR data for HOXA13 and
CDC2 from TCC patients who were positive for uRNA-D at

www.aacrjournals.org

Discussion
The detection of bladder cancer using urine samples raises
two distinct problems. First, the target cancers range from small
highly differentiated polyps of low malignant potential to highgrade in situ carcinomas and highly invasive, poorly differentiated tumors. These different tumor types will be marked by
major differences in gene and protein expression patterns.
Second, the cellular content of a urine sample is affected by the
size and histologic characteristics of the tumor, the presence of
blood and inflammatory cells, and variation in the number of
nonmalignant urothelial cells exfoliated into the urine. The
challenge is to develop a test that not only accounts for the
tumor heterogeneity but also exhibits high specificity in a
clinical setting where frank and occult urinary tract infections
and hematuria are common. We reasoned that a combination
of overexpressed markers that show low expression in blood
and inflammatory cells would provide the basis for a urine test
with these attributes.
We elected to use a genome-wide gene expression database as
our starting point for marker selection to avoid any selection
biases, with the most overexpressed epithelial genes being
selected for qPCR validation. The qPCR studies confirmed the
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Fig. 1. ROC curves for the detection of stageTa tumors (A), stage zT1tumors (B), grade 1or 2 tumors (C), and grade 3 tumors (D). Seventy-fiveTCC and 57 non-TCC
samples were used in each analysis. The dotted vertical lines in A and C mark 90% specificity.
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Table 2. Sensitivity of detection of TCC at 85% specificity by stage and grade using individual markers and
the combined assay uRNA-D
TCC presentation

n

Stage Ta
Stage Ta (primary)
Stage Ta (z1 cm)
Stage T1
Stage T1 (primary)
Stage >T1
Tumor in situ
Grade 1-2
Grade 1-2 (primary)
Grade 3
Grade 3 (primary)

45
18
9
20
13
5
5
43
18
32
18

Mean percentage (95% confidence interval)
MDK
41
53
61
90
85
100
80
41
56
87
87

IGFBP5

CDC2

(39-42)
(51-56)
(57-67)
(88-90)
(81-85)
(100-100)
(80-80)
(39-42)
(56-56)
(85-88)
(83-89)

30
36
39
90
92
100
80
31
41
85
90

(28-32)
(33-41)
(35-49)
(90-90)
(89-92)
(100-100)
(80-80)
(28-32)
(36-42)
(84-88)
(89-94)

41
52
56
65
69
80
80
38
56
70
74

(40-42)
(50-56)
(56-56)
(65-65)
(69-69)
(80-80)
(80-80)
(37-40)
(56-56)
(69-72)
(72-78)

HOXA13
31
33
33
36
38
100
20
34
44
38
44

(29-31)
(33-33)
(33-33)
(32-37)
(34-39)
(10-100)
(20-20)
(33-35)
(44-44)
(36-39)
(41-45)

Cytology positives (%)
uRNA-D
48
60
76
90
92
100
80
47
61
91
93

(47-49)
(57-62)
(67-79)
(90-94)
(90-92)
(100-100)
(80-80)
(47-47)
(61-61)
(89-93)
(89-95)

6/45 (13%)
5/18 (28%)
4/9 (44%)
8/20 (40%)
4/13 (31%)
4/5 (80%)
3/5 (60%)
7/43 (16%)
5/18 (28%)
14/32 (44%)
9/18 (50%)

NOTE: The mean sensitivities and 95% confidence intervals determined by LDA and cross-validation are shown. Fifty-seven non-TCC samples
were included in this analysis. The cytology results illustrate the numbers of TCC patients with positive (grade 4-5) urine cytology tests.
Cytology specificity figures were unavailable.

Analysis of the ROC curves derived from the urine data
showed that, in the 90% to 100% specificity range, IGFBP5
and HOXA13 showed better performance for the detection of
Ta/low-grade tumors than either MDK or CDC2. In contrast,
MDK and CDC2 performed far more strongly with the more
invasive, high-grade tumors. To enable us to develop a test
with strong performance for both early- and late-stage cancers,
we used LDA to develop algorithms that incorporated all
four markers. The combined test, uRNA-D, showed better
overall performance than any gene alone. In addition to LDA,
the analysis was also done using logistic regression and support vector machines, with comparable results (results not
shown).
The sensitivity of uRNA-D was markedly better than urine
cytology across all stages and grades of TCC. For example,
uRNA-D detected 90% of stage T1 cancers (at 85% specificity)
compared with 40% by cytology (Table 2). This performance
difference would be slightly attenuated by the higher specificity
of cytology, which, although not available for this series, is
typically f95% (20). Comparisons with other urine markers

identity of several genes with high overexpression, particularly
in the T1 to T4 tumors. Genes such as TOP2A and CDC2,
which are involved in DNA synthesis and cell cycle control,
showed very high overexpression across the majority of tumors
examined, whereas others such as BIRC5 (survivin) were more
variable and only strongly overexpressed in a subset of the
tumors. Of the four genes selected for the final combination
test (uRNA-D), HOXA13 and IGFBP5 showed higher overexpression in stage Ta tumors than stage T1 to T4 tumors.
HOXA13 is a transcription factor that is involved in morphogenesis and differentiation of the genitourinary tracts (17);
these roles may explain the higher overexpression observed in
the more differentiated Ta tumors. IGFBP5 is a multifunctional
protein that acts both directly and through the insulin-like
growth factor axis in a tissue- and time-dependent manner to
affect diverse processes, such as development, differentiation,
and survival (18). MDK is a heparin-binding growth factor
that is highly expressed during embryogenesis and displays a
range of activities, including antiapoptotic, angiogenic, and mitogenic (19).

Table 3. Sensitivity of detection of TCC at 85% specificity by stage and grade in the presence of samples
from patients with urinary tract infections
TCC presentation

n

Mean percentage (95% confidence interval)
MDK

Stage Ta
Stage Ta (primary)
Stage Ta (z1 cm)
Stage T1
Stage T1 (primary)
Stage >T1
Tumor in situ
Grade 1-2
Grade 1-2 (primary)
Grade 3
Grade 3 (primary)

45
18
9
20
13
5
5
43
18
32
18

39 (37-41)
52 (49-55)
59 (55-65)
88 (86-90)
82 (78-85)
100 (100-100)
80 (80-80)
40 (38-41)
56 (54-56)
85 (82-87)
84 (80-87)

CDC2
22
27
33
74
67
100
80
25
33
71
71

(20-23)
(24-28)
(33-33)
(71-78)
(63-74)
(100-100)
(80-80)
(24-26)
(30-33)
(69-74)
(68-75)

IGFBP5
42
56
56
65
69
80
80
39
56
72
78

(41-42)
(56-56)
(56-56)
(65-65)
(69-69)
(80-80)
(80-80)
(38-40)
(56-56)
(72-72)
(78-78)

HOXA13
36 (34-36)
39 (36-39)
44 (38-44)
40 (40-40)
38 (38-38)
100 (100-100)
20 (20-20)
37 (37-37)
44 (44-44)
44 (43-45)
50 (47-50)

uRNA-D
47
56
67
89
90
100
80
46
61
88
88

(45-48)
(56-58)
(67-72)
(85-92)
(85-93)
(100-100)
(80-80)
(45-47)
(61-61)
(84-90)
(84-91)

NOTE: The mean sensitivities and 95% confidence intervals determined by LDA and cross-validation are shown. All 77 non-TCC samples,
including the 20 infection samples, were included in the analysis.
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reported in the literature can only be used as a guideline due
to marked differences in the clinical characteristics of both
the TCC patients and non-TCC controls in different study
populations. With this caution in mind, comparison of the data
presented here with published results suggests that uRNA-D
may have better performance than the NMP22 BladderChek
test (Matritech, Inc.) for the detection of primary TCC at
equivalent specificities: uRNA-D detected 60% and 92% of
primary Ta and primary T1 tumors, respectively, compared with
the 47% and 49% detected by NMP22 (21). Comparison of
uRNA-D to the UroVysion fluorescence in situ hybridization
assay suggests comparable performance across grades (22). The
sensitivity of uRNA-D for the detection of Ta tumors increased
from 48% for a combination of primary and surveillance
tumors to 60% for primary tumors alone and then increased
again to f76% for the detection of tumors z1 cm in diameter
(Table 2). This variation may indicate the increasing numbers
of cells exfoliated from larger TCCs. Alternatively, the expression of some or all of the markers may be correlated with the
increasing size of Ta tumors.
The presence of contaminating blood or inflammatory cells
is limiting for the clinical application of many bladder cancer
screening tests, including urine cytology, BTA-Stat, and NMP22
(23 – 26). To enable the development of a simple test with
better performance in the presence of these contaminating cells,
we first selected markers with low expression in blood and
inflammatory cells. Of the final four markers, HOXA13 and
IGFBP5 were the most robust to the presence of infection
samples in the study cohort, showing no decrease in test
specificity. The low expression of these two markers in blood
and inflammatory cells is likely to contribute strongly to the
overall specificity and clinical utility of the combination test
(uRNA-D).
Using gene expression signatures, considerably more information can be obtained from a tumor biopsy than simple
diagnosis, such as likely drug or radiation response, predicted
survival (6, 27, 28), and risk of recurrence (5). To explore the
potential of using urine samples as a source of tumor cells
for gene expression signature determination, we have used
the urine levels of the marker pair CDC2-HOXA13 (uRNA-S)
to predict with f80% accuracy if a TCC is advanced in stage
or grade. Given the known inaccuracy of discriminating
between stage Ta and stage T1 TCC with surgical staging (29),
the actual accuracy of uRNA-S for stage prediction may exceed
the figure observed here. The ability to predict disease severity
at the time of an initial urine screening test may enable the
prioritization of patients for urgent cystoscopy. Treatment
delays are often lengthy for bladder cancer, with median delays
of 15 to 20 weeks from onset of symptoms to treatment not
uncommon in many centers (30, 31). Delays of even 12 weeks
can result in muscle invasion of T1 tumors and an increased risk
of nodal involvement with more advanced tumors (32, 33),
resulting in major reductions in patient survival. The greater
accuracy of uRNA-S compared with the individual markers
(Fig. 2) argues that the differential between the expression of
CDC2 and HOXA13 is contributing to the prediction accuracy
rather than the effect being explained simply by increasing numbers of exfoliated cells in the high-grade/high-stage
TCCs.
In conclusion, this study describes the rational design of a
RNA-based test for the diagnosis and initial characterization of

Fig. 2. ROC curves showing the discrimination between grade 1/2 tumors and
grade 3 tumors (A), stageTa tumors and stage z1tumors (B), and grade 1/2 tumors
and either grade 3 or stage z1tumors (C).
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Table 4. The specificity of individual markers and uRNA-D
Test negatives/total true negatives* (%)

Urinary tract infections
Other benign urinary tract disease
Other urological cancers
Overall

MDK

CDC2

IGFBP5

16/20 (80%)
21/24 (88%)
29/33 (88%)
85%

15/20 (75%)
22/24 (92%)
29/33 (88%)
85%

17/20 (85%)
21/24 (88%)
28/33 (85%)
85%

HOXA13
20/20 (100%)
19/24 (79%)
27/33 (82%)
85%

uRNA-D
16/20 (80%)
20/24 (83%)
30/33 (91%)
85%

*True negatives were defined as samples from patients who were negative for TCC by flexible cystoscopy.

presented here will need to be further validated in a prospective
setting to more accurately determine test characteristics,
particularly in patients presenting with hematuria and other
urological conditions.

bladder cancer using urine samples. Because of the flexibility
and scalability of RNA detection platforms, the potential exists
to expand the test to include additional transcripts that can
enhance test performance and informativeness. The results
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