
Am J Transl Res 2015;7(8):1458-1466
www.ajtr.org /ISSN:1943-8141/AJTR0011236

Original Article
Development of a test to identify bladder cancer 
in the urine of patients using mass spectroscopy 
and subcellular localization of the detected proteins

Stephen W Wilz1, Dong Liu2, Chaoxu Liu2, Jinghua Yang2

1Department of Pathology, VA Boston Healthcare System, 1400 VFW Parkway, Boston, MA 02132, USA; 
2Department of Surgery and Clinic Proteomics Laboratory, VA Boston Healthcare System and Boston University 
School of Medicine, 1400 VFW Parkway, Boston, MA 02132, USA

Received March 31, 2015; Accepted July 31, 2015; Epub August 15, 2015; Published August 30, 2015

Abstract: The survival rate for bladder cancer is much better when the disease is detected early, so improvements 
in methodology for early detection would be beneficial. When urine contains neoplastic urothelial cells, it carries bio-
markers of the disease. This study aims to develop a test for the detection of urothelial carcinoma in the urine. The 
sediments from urines of ten patients with carcinoma and ten randomly selected normal controls were tested for 
cancer biomarkers using high-resolution mass spectroscopy. 212 unique individual proteins were identified. Most of 
them occurred only once or twice in the entire cohort of cases. When sorting the detected proteins by their subcel-
lular compartments, we were able to develop a test that differentiates between the two sets. When the combination 
of nuclear and red blood cell proteins was used as the discriminating function, the level of statistical significance 
was p=0.003, the sensitivity was 90%, the specificity 67% and the area under the Receiver-Operating Characteristic 
curve (ROC) was 94%. When the lack of any detectible proteins, which includes nuclear proteins, was included as 
a criterion indicating benign urine, the specificity increased to 80%. This use of cellular compartment localization 
of the detected proteins in the discriminating function is less restrictive than requiring the presence of specific pro-
teins, and we were able to develop a screening test with this less stringent criterion. This approach can be applied 
to other tumors, such as breast, lung and colon cancers, where the need for a simple screening test is even greater.
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Introduction

Urothelial carcinoma is a common disease in 
the older population, the fourth most common-
ly diagnosed malignancy in men in the United 
States, and constitutes approximately 90% of 
all bladder cancers [1]. As with all malignan-
cies, early detection is the key to effective 
treatment. When detected early, the 5-year sur-
vival rate is approximately 95%; however, 
30-50% of tumors are deeply invasive or have 
lymph node metastases at the time of diagno-
sis [2], limiting survival. Timely intervention dra-
matically increases the patient survival rate, 
and so a search for methods of early detection 
continues to be a major focus of bladder can-
cer research.

Urine cytology is the definitive method of 
screening for urothelial carcinoma. The carci-

noma is diagnosed by identifying features of 
the neoplastic cells stained with the Papani- 
colaou method. Among other features, the cells 
have larger nuclei than benign cells, and exhibit 
a higher nuclear: cytoplasmic ratio (Figure 1). 
That is, neoplastic cells often have proportion-
ately much less cytoplasm than the transitional 
cells that normally line the bladder. In addition, 
though not a diagnostic finding of patients with 
urothelial carcinoma, red blood cells are fre-
quently present in the urine. 

Patients with superficial tumors are generally 
placed under continued surveillance by routine 
cystoscopic examinations of the bladder in 
order to detect new tumor developments as 
early as possible. Once bladder tumors are 
identified and removed, surveillance cystosco-
py is employed every 3 months for 1 year, then 
every 6 months for the second year, and yearly 
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thereafter [3]. Since cystoscopy is an invasive 
procedure, the development of noninvasive 
urine assays using reliable diagnostic markers 
would be of benefit to both patients and health-
care providers. 

While several tests are designed for early 
detection of urothelial carcinoma by identifica-
tion of specific markers, none have particularly 
high sensitivity and specificity [2]. Many of 
these tests suffer from high false-positive and/
or false negative rates. 

Mass spectroscopy has shown promise in 
detecting biomarkers for carcinoma in several 
organ systems [4-17]. These tests can be very 
sensitive since they detect the proteins that are 
characteristic of the neoplastic cells. Fur- 
thermore, the technique is ideal for detecting 
multiple markers from a single specimen. 
Commonly, mass spectroscopy is used to 
detect biomarkers in serum. However, the vari-
ous proteins in serum are present in vastly dif-
ferent quantities, spanning 10 orders of magni-
tude, presenting technical difficulties in evalua-
tion of its proteome [18-20]. 

Body fluids, such as urine, that are in direct 
contact with the neoplastic cells of interest, are 
more likely to have biomarkers in concentra-
tions that are easily detectable [21]. 
Characteristic proteins of neoplastic cells are 
also likely to be present in relatively high con-
centrations and should be readily detectable, 
especially if the cells are lysed prior to testing. 
A mass spectroscopic proteomic analysis of 
lysed urines may be a promising screening test 
for urothelial carcinoma.

In this study, the sediments of centrifuged 
urines of patients with urothelial carcinoma 
were lysed and examined by mass spectrosco-
py to identify evidence of carcinoma by a labo-
ratory method with the potential for automa- 
tion.

Materials and methods

Urine samples

Urine samples that are submitted for cytologi-
cal analysis are normally saved for two weeks 
in the transport medium PreservCyt before 
being discarded. PreservCyt functions by dena-
turing proteins, and no covalent bonds are 

formed or broken in the process of preserva-
tion. Two week old urine samples were obtained 
from 10 randomly chosen healthy controls (all 
males) and 10 patients with urothelial carcino-
ma (all males). Seven out of the ten cancer 
patients had high grade carcinoma. The grades 
of the other three tumors are unknown. Two of 
the urines from patients with urothelial carci-
noma exhibited gross hematuria.

Sample preparation and mass spectroscopy 
analysis

10 ml of the urine samples were centrifuged at 
2000 rpm for 10 minutes, the supernatant was 
poured off, and 0.5 ml of distilled water was 
added to the sediment. The samples were then 
stored at 4°C before processing. 

To process, the samples were mixed in an equal 
volume of the RIPA buffer (Thermo Scientific, 
cat # 89900) and sonicated for 30 seconds to 
lyse the cells in the sediment. The protein con-
tent was measured. For the samples that had 
enough detectable protein to be analyzed, the 
protein concentration was brought to 2 mg/ml 
with distilled water. The samples were digested 
with 1:25 (w/w) trypsin (Promega, Madison, WI) 
overnight at 37 degrees C. The samples were 
then purified by binding to a ziptip pipette tip 
(EMD Millipore Corporation, Billerica, MA) and 
analyzed on the Q-STAR Elite mass spectro- 
meter. 

For each typsin digested sample, LC-MS/MS 
analysis was performed using Eksigent Tempo 
nanoLC followed with QSTAR Elite mass spec-
trometer (AB SCIEX). A 60-minute gradient of 
2-40% acetonitrile was applied on a C18 
reverse phase column (75 µm × 15 cm; buffer 
A, 2% acetonitrile, 0.1% formic acid; buffer B, 
98% acetonitrile, 0.1% formic acid). Using the 
Smart IDA (Information Dependent Acquisition) 
features within Analyst® QS 2.0 Software, mul-
tiple intelligent MS/MS acquisitions were per-
formed following a second long survey scan.

Protein marker identification and cellular loca-
tion

Identification of the peptide sequences from 
the acquired MS/MS data was accomplished 
using MASCOT search engine version 2.1 
(Matrix Science, Boston, MA) with the last 
updated version of Uniprot/Swiss-Prot protein 
database [22] merged with random sequenc-
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es. Methionine oxidation and Asn and Gln 
deamidation were selected as the only variable 
modifications. The tolerance for precursor ion 
and MS/MS fragment mass values was set at 
50 ppm and 0.5 Da, respectively. Sequence 
coverage was automatically calculated within 
the software. Most of the specimens yielded 20 
to 40 identified proteins. Since all of the ana-
lyzed specimens yielded at least 20 proteins, 
the top 20 proteins with strongest matching cri-
teria from each sample were considered as 
abundant proteins and included in the analysis. 
To determine the subcellular localization of 
each protein, the Uniprot/Swiss-Prot database 
was accessed a second time for each identified 

protein. Proteins that are localized to both the 
cytoplasm and the nucleus were designated as 
pan-cellular proteins.

Statistical analysis

The data from the urines that were positive for 
cancer were compared with the data from nor-
mal urines. A Student’s T-test was manually 
performed for each pair of cellular compart-
ment data. In addition, sensitivities, specifici-
ties and Receiver-Operating Characteristic 
curves were manually calculated for the pro-
posed tests to differentiate urines containing 
cancer cells from control urines.

Results

Four (4) of the random control samples had too 
little protein to perform the analysis, indicating 
a paucity of cells in the urine. Upon performing 
the mass spectrometric analysis of the 6 
remaining randomly selected urines from 
patients without carcinoma and 10 urines from 
patients with urothelial carcinoma, the top 20 
proteins with strongest matching criteria from 
each sample were identified. Therefore, 320 
proteins were identified in total. No specific pro-
teins or combinations of specific proteins were 
identified which could differentiate between 
cancer and control urines. In fact, most of the 
identified proteins only appeared once or twice 
in the entire combined list of proteins. 
Altogether, 212 unique proteins were identified. 
To determine the subcellular localization of 
each protein, the Swiss-Prot database was 
accessed for each of the 212 proteins [22] a 

Figure 1. Comparison of a bladder cancer cell and normal bladder lining cell at the same magnification (60x). Panel 
“A”: A urothelial carcinoma cell exhibits a large nucleus and high nuclear: cytoplasmic ratio compared with Panel 
“B”: A normal urothelial cell that lines the bladder.

Table 1. The cellular distribution of the 20 
highest ranked proteins for each of the tested 
samples

Compartment Controls Cancers Statistical 
significance

Cytoplasm 27 49 n.s.
Membrane 25 28 n.s.
Mitochondrion 0 1 n.s.
Nucleus 10 37 p=0.02
Pan-cellular 10 12 n.s.
rbc 2 11 n.s.*
Secreted 28 35 n.s.
Unknown 18 27 n.s.
Nuclear + rbc 12 48 p=0.003
Total proteins 120 200
Total samples n=6 n=10
*5 rbc proteins from 2 cases with gross blood. *6 rbc 
proteins from one case without gross blood.
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second time. The subcellular compartment for 
each protein was listed on this website. When 
comparing cancer containing urines with con-
trol urines by the cellular compartments in 
which the detected proteins reside, differences 
between the two populations were observed. 
The number of proteins found in each cellular 
compartment is listed in Table 1. 

The number of proteins that normally reside in 
the cell nucleus was significantly higher in 
urines from cancer patients than from controls 
(p=0.02). In addition, while the number of red 
blood cell proteins was not significantly differ-
ent between the two populations, there is a 
trend toward greater red blood cell proteins in 
urines with cancer patients (11 proteins) com-
pared with control urines (2 proteins). When the 
combination of nuclear plus red blood cell pro-
teins is used as the discriminating function, the 
level of statistical significance increases 
(p=0.003). Figure 2 shows the combination of 
the number of nuclear proteins plus red blood 
cell proteins for each sample. 

If the test for discriminating between urines 
from cancer patients and urines from control 
patients is set at a cut-off of greater than 2 
nuclear or red blood cell proteins from the list 
of the 20 highest ranked proteins in the given 
sample, 9 out of 10 urines from cancer patients 
are classified as cancer and 2 out of 6 normal 
urines are similarly classified. This discriminat-
ing function leads to a sensitivity of 90%, a 
specificity of 67% and an area under the 
Receiver-Operating Characteristic curve (ROC) 
of 87% for the test overall (Figure 3). 

As noted above, four of the control samples 
had too little protein to perform the analysis. 

This low protein content in the sediment is evi-
dence of an absence of neoplastic cells and 
corresponding nuclear proteins in the sample. 
Since neoplastic cells from the tumor are usu-
ally shed into the urine of patients with carci-
noma, the sediments from urines of cancer 
patients would, in general, be expected to have 
a higher cell count and therefore higher protein 
concentration than controls. So when lack of 
sufficient protein to perform the analysis is con-
sidered evidence of a lack of tumor cells, the 
number of control urines classified as negative 
increases to 8. An even higher specificity (80%) 
and area under ROC curve (94%) is obtained 
(Figure 4). 

Discussion

Using high-resolution mass spectroscopy, we 
analyzed 10 urines that were proven to be posi-
tive for urothelial carcinoma by cytological 
examination, and 10 urines that were found to 
be negative for urothelial carcinoma by cyto-
logical examination. Because centrifuging the 
specimen results in a concentrated quantity of 
malignant cells in the sediment, we specifically 
analyzed the sediments from these cases. 

We found that the lysed sediments from cancer 
cases contained significantly more proteins 
that are localized in the nucleus, compared 
with control cases (p=0.02). When we include 
in the analysis proteins that are derived from 
red blood cells, the difference becomes greater 
(p=0.003).

Neoplastic urothelial cells contain larger nuclei 
with little cytoplasm, compared with benign 

Figure 2. Nuclear and RBC derived proteins from 
cancer and control cases The sum of nuclear and red 
blood cell (rbc) derived proteins for each of the sam-
ples is shown. The sum (nuclear + rbc proteins) is 
significantly greater in the sediments of urines from 
cancer patients than in control patients (p<0.003).

Figure 3. Receiver operating characteristic (ROC) 
curve for nuclear and RBC derived proteins. The re-
ceiver operating characteristic (ROC) curve for the 
discriminating function defined as the sum of nucle-
ar plus red blood cell derived proteins (Area Under 
Curve=87%).
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urothelial cells (Figure 1). More nuclear pro-
teins would be expected in the urines of 
patients with carcinoma when compared with 
controls. An additional feature of urothelial car-
cinoma is the presence of blood in the urine. 
Detection of red blood cell derived proteins is a 
sensitive test for microscopic hematuria which 
is often, though not exclusively, found in cancer 
cases. Therefore, the fact that there are more 
red blood cell derived proteins in the cancer 
specimens is not surprising. While two of the 
malignant specimens had gross hematuria, 
one of the cases in which red blood cell pro-
teins were detected did not have gross 
hematuria. 

When the criteria for a positive result is detec-
tion of three or more of the 20 highest ranked 
proteins localized either to the nucleus or red 
blood cell, nine of ten malignant urines are pos-
itive by this test, and four of six control urines 
are negative by this test. This results in 90% 
sensitivity and 67% specificity for this limited 
sample. If cases are included where there is a 
lack of sufficient protein to perform the analy-
sis, there is a corresponding lack of nuclear 
proteins. The evidence indicates a benign 
urine, and the specificity of the test increases 
to 80%.

This proteomic approach successfully distin-
guishes between urines of cancer patients and 
urines of controls. Of course only a limited num-
ber of cases were analyzed. Because the cur-

rent study used high resolution mass spectros-
copy, it may not be easily streamlined as a high 
throughput test. Also, each of the 212 proteins 
was accessed individually on the UniProt/
Swiss-Prot site to determine its cellular com-
partment localization. However, by making use 
of a simpler instrument such as a time of flight 
mass spectrometer, and developing a comput-
er application that provides easier access to 
cellular compartment information for the 
detected proteins the process may be stream-
lined for high throughput. Alternatively, pro-
grams that predict subcellular localization 
based on features of the protein such as amino 
acid sequences could be employed if they have 
sufficient accuracy [23-25].

The presence of blood in the urine is consid-
ered a warning sign of malignancy and, while 
three of the ten specimens used mass spectro-
scopic evidence of that feature in the classifica-
tion, most did not. The majority of the cancer 
cases were classified as malignant based sole-
ly on the presence of nuclear proteins.

When we take into consideration that four of 
the control cases had insufficient protein in the 
urine sediment to be analyzed by the method 
and low total protein content is evidence of low 
nuclear protein content, a criterion indicative of 
a negative result, 90% sensitivity and 80% 
specificity are obtained. Since malignant cells 
from patients with urothelial carcinoma are 
often shed into the urine, it is reasonable that, 
after cell lysis, more protein is obtained from 
positive than negative urines.

The samples analyzed in this study had been 
maintained at 4 degrees in the preservative, 
“Preservcyt” for two weeks prior to the study. 
As a result, a more limited list of proteins was 
detected than would likely be obtained from 
fresh samples. This feature of the study dem-
onstrates the robustness of the technique. 
Despite storage of the specimens in a preser-
vative for two weeks prior to the study, an effec-
tive discriminating function was still obtained. A 
technique that detects the proteins that are 
characteristic of neoplastic cells rather than 
relying on detection of the intact cells by cytol-
ogy is inherently more sensitive because cellu-
lar degradation does not affect the results. 
Hence fewer cells are required to provide a pro-
teomic profile than are required for detection by 
cytology.

Figure 4. Receiver operating characteristic (ROC) 
curve for nuclear and RBC derived proteins and suf-
ficient protein. The receiver operating characteristic 
(ROC) curve for the discriminating function defined 
as the sum of nuclear plus red blood cell derived pro-
teins with the additional requirement that samples 
with insufficient protein to perform the analysis are 
classified as negative (Area Under Curve=94%).



Bladder cancer detection in urine

1463	 Am J Transl Res 2015;7(8):1458-1466

Most screening tests analyze tumor markers in 
non-concentrated urine. However, many pro-
teins derived from the kidney and plasma are 
present in the urine, making it difficult to iden-
tify proteins derived from the tumor in the 
unconcentrated urine [23]. Examination of 
urine sediment where there is a concentrated 
quantity of malignant cells, essentially elimi-
nates renal and plasma proteins from the anal-
ysis. When analyzing tumor markers that are 
normally intracellular rather than being secret-
ed, analysis of the sediment is preferable to 
analysis of non-concentrated urine. 

Uniquely, the test does not rely on the presence 
of specific proteins as biomarkers to classify 
the urine as a malignant sample, instead rely-
ing upon the expected location within the cell of 
the detected proteins, the high nuclear: cyto-
plasmic ratio of malignant cells, and the asso-
ciation of bladder cancer with hematuria. By 
relating these features to the compartment 
localization of the detected proteins, effective 
criteria for a discriminating function were devel-
oped. Studies that examine the cellular com-
partment of proteins in the proteome of cancer 
cells have been performed [26-34]; but to our 
knowledge, none have used their findings to 
construct a discriminating function as a screen-
ing test for cancer. 

Use of the cellular compartment localization of 
the detected proteins in the discriminating 
function is less restrictive than the stringent 
requirement of the presence of specific pro-
teins. In this study, the number of unique pro-
teins is 212. So the compartment localization 
approach reduces the number of variables in 
the analysis from 212 to 8 (the number of cel-
lular compartments), greatly simplifying the cal-
culations. More generally, the total number of 
annotated entries in the reference human pro-
teome set is 20,202 [35]. Allowing reduction of 
the number of possible variables from a very 
large number down to 8 enables an analysis 
that otherwise might not be possible. 

We show here that this less restrictive attribute 
can be used in developing a screening test for 
bladder cancer, but the approach can be 
applied in developing screening tests for other 
cancers as well, even when the detection of 
individual proteins is not helpful. Intact tumor 
cells from many other cancers are not easily 
accessible, while proteins leaked from such 

cells may very well be present in body fluids 
that are in contact with the cells. In such a 
case, a proteomic approach could be very ben-
eficial. In general, as in the current study, neo-
plastic cells from most organ systems have a 
high nuclear: cytoplasmic ratio, and so rem-
nants of neoplastic cells from most cancers 
would be expected to supply a relatively large 
number of nuclear proteins in the appropriate 
body fluid. 

For example, a technique called ductal lavage 
has been used to identify neoplastic cells in 
patients with breast cancer, but with only a sen-
sitivity of 23%-77% [36, 37]. A technique that 
does not require observation of intact cells, but 
relies instead on analysis of the protein content 
of the sample, may prove more useful. In the 
bowel, the proteome of fecal samples was stud-
ied in mice with a predilection for colon cancer, 
and the subcellular localization of murine pro-
teins was even determined [38]. However, 
because sample preparation was different in 
that protocol, there were not a sufficient num-
ber of nuclear proteins to perform a compari-
son between the number nuclear proteins in 
cancer prone mice versus control mice. 
Furthermore, in considering lung cancer, it has 
been shown that exhaled breath contains many 
proteins in healthy individuals [39]; it is likely 
that the proteomic profile would be different for 
patients with lung cancer.

Another way to categorize cellular proteins is by 
function. For instance proteins involved in pro-
liferative functions would be expected to be 
more prevalent in malignant cells, while pro-
teins involved in metabolic or internal cellular 
structure/anchoring functions would be expect-
ed to make up a greater percentage of proteins 
from benign specimens. Furthermore, in organ-
systems that normally secrete an acellular or 
paucicellular fluid, such as the breast, the pres-
ence of secreted proteins may indicate a benign 
specimen while an increase in intracellular pro-
teins may indicate malignancy. Yet another way 
to categorize proteins is by the cell of origin of 
the protein. For instance, if nuclear proteins are 
increased, it may be important to distinguish 
between tumor and inflammation in some cir-
cumstances, and the cell of origin of the identi-
fied proteins would be informative. 

In summary, we developed a screening test for 
bladder cancer without the stringent require-



Bladder cancer detection in urine

1464	 Am J Transl Res 2015;7(8):1458-1466

ment of identifying specific cancer biomarkers. 
Using mass spectroscopy, 212 proteins were 
identified. We were then able to create a test 
for bladder cancer by examining the cellular 
compartments in which the detected proteins 
are usually found. When the combination of 
nuclear and red blood cell proteins was used as 
the discriminating function, and the lack of any 
detectible proteins, including nuclear proteins, 
was also included as an indication of a normal 
urine, the sensitivity for the test was 90%, the 
specificity was 80% and the area under the 
ROC curve was 94%. Such a characterization of 
the proteome is reflective of well known cyto-
logical differences between malignant and 
benign cells. The discriminating function 
includes only knowledge of total protein ade-
quacy and cellular compartment information, 
and should be amenable to the development of 
a high throughput test. Furthermore, this 
approach may be applicable to other tumors, 
such as breast, lung and colon cancer, where a 
simple screening test is needed and access to 
intact tumor cells at an early cancer stage has 
been problematic. 
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