L)

Check for
Updates

Research

Quantitative Proteomic Analysis Identifies
AHNAK (Neuroblast Differentiation-associated
Protein AHNAK) as a Novel Candidate
Biomarker for Bladder Urothelial Carcinoma
Diagnosis by Liquid-based Cytology*s
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Cytological examination of urine is the most widely used
noninvasive pathologic screen for bladder urothelial
carcinoma (BLCA); however, inadequate diagnostic ac-
curacy remains a major challenge. We performed mass
spectrometry-based proteomic analysis of urine sam-
ples of ten patients with BLCA and ten paired patients
with benign urothelial lesion (BUL) to identify ancillary
proteomic markers for use in liquid-based cytology
(LBC). A total of 4,839 proteins were identified and 112
proteins were confirmed as expressed at significantly
different levels between the two groups. We also per-
formed an independent proteomic profiling of tumor tis-
sue samples where we identified 7,916 proteins of which
758 were differentially expressed. Cross-platform com-
parisons of these data with comparative mRNA expres-
sion profiles from The Cancer Genome Atlas identified
four putative candidate proteins, AHNAK, EPPK1, MYH14
and OLFM4. To determine their immunocytochemical ex-
pression levels in LBC, we examined protein expression
data from The Human Protein Atlas and in-house FFPE
samples. We further investigated the expression of the
four candidate proteins in urine cytology samples from
two independent validation cohorts. These analyses re-
vealed AHNAK as a unique intracellular protein differing in
immunohistochemical expression and subcellular local-
ization between tumor and non-tumor cells. In conclusion,
this study identified a new biomarker, AHNAK, applicable
to discrimination between BLCA and BUL by LBC. To our
knowledge, the present study provides the first identifica-
tion of a clinical biomarker for LBC based on in-depth
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proteomics. Molecular & Cellular Proteomics 17: 1788-
1802, 2018. DOI: 10.1074/mcp.RA118.000562.

Urothelial carcinoma of the bladder is a disease with high
morbidity and mortality (1). Urinary cytology represents the
‘gold standard’ for surveillance of urothelial carcinoma diag-
nosis and recurrence; however, the diagnostic accuracy of the
test has been doubted owing to considerable variability in its
diagnostic positive prediction rate (31-72%) for identification
of patients with bladder cancer (2, 3). In addition, inter-ob-
server variability had a range of 38-65% across institutions
(4). To overcome these drawbacks, several molecular tests
have been developed; however, used alone, the overall spec-
ificity and sensitivity of these tests are like those of cytology,
because of the lack of simultaneous assessment of cytolog-
ical appearance (5).

Recent rapid advances in proteomic technologies, includ-
ing computational algorithms and biochemical techniques,
have enabled quantitative evaluation of novel diagnostic
markers to determine their levels in tumor tissues (6, 7). In-
depth proteomic analyses of clinically available urine speci-
mens have been performed in several previous studies (8).
Urine is a useful source of proteins for biomarker discovery
and comprehensive assessment, because it is readily avail-
able, can be obtained by non-invasive collection methods,
and enables disease monitoring; however, the proteins in
urine can originate from various types of cells or secretions,
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such as blood cells, epithelial cells from the glomerulus or
urinary tract, and can include a mixture of benign and malig-
nant cells and excreted plasma, which can contribute to mis-
interpretation and misleading results. In contrast, cytological
urine specimens almost exclusively contain epithelial cells
from the lining of the urinary tract, which are selected under
microscopic examination. Therefore, genomic or proteomic
information obtained from cytological preparations is ex-
pected to exclusively reflect the molecular landscape in
urothelial cells and be suitable for identification of novel
biomarkers.

In this study, for the first time, we employed MS-based
in-depth proteomics to identify novel biomarkers in voided
urine cytology samples collected by the liquid-based method,
which has technical advantages (9). To discover suitable bio-
markers, we designed an integrative workflow, including com-
parative analyses of results from a cytological proteomic plat-
form with those in a public transcriptomic database, and from
an in-house generated formalin fixed paraffin embedded
(FFPE)'-based proteomic experiment, followed by immuno-
staining validation in two independent liquid-based cytology
cohorts.

EXPERIMENTAL PROCEDURES

Sample Selection— All pathologic specimens enrolled in this study
were collected from the Seoul National University Hospital bioreposi-
tory operated by the department of pathology. A discovery set con-
sisting of a total of 20 voided urine cytology samples was collected
from 10 patients with primary bladder urothelial carcinoma and 10
with benign urothelial lesion as a negative control. Separately, six
FFPE urinary bladder tissue samples from three patients each with
bladder urothelial carcinoma and benign urothelial lesion (previously
diagnosed with cystitis cystica) were included for comparative pro-
teomic analysis. For immunocytochemical validation of selected pro-
teomic biomarkers, an independent cohort of 140 voided urine liquid-
based cytology samples, containing both urothelial carcinoma and
normal cells, were collected. All cases were histologically confirmed,
using samples obtained within one month before corresponding sur-
gical examination. All slides were reviewed by two experienced uro-
logic pathologists and classified according to the WHO/ISUP system
for surgical biopsy (10) and the Paris system for liquid-based cytology
(11), respectively. The clinicopathologic features are presented in
Table I.

All liquid-based cytology slides were previously scanned with an
Aperio AT2 Digital Whole Slide Scanner (Leica Biosystems, IL), and
the number of cells initially screened by pathologists, and counted

" The abbreviations used are: FFPE, formalin fixed paraffin embed-
ded; ACN, acetonitrile; AHNAK, neuroblast differentiation-associated
protein AHNAK; AUC, the area under the curve; BLCA, bladder
urothelial carcinoma; BUL, benign urothelial lesion; CV, coefficient of
variation; DEG, differentially expressed gene; DEP, differentially ex-
pressed protein; EPPK1, Epiplakin; FDR, false discovery rate; iBAQ,
intensity based absolute quantification; LBC, liquid-based cytology;
MYH14, Myosin-14; NPV, Negative predictive value; OLFM4, Olfac-
tomedin-4; PPV, Positive predictive value; ROC, the receiver operat-
ing characteristics; TCGA, the cancer genome atlas; WHO/ISUP,
World Health Organization/the International Society of Urologic
Pathology.

using an Aperio ImageScope (Leica Biosystems) with Aperio’s nuclear
algorithm (Leica Biosystems). The study protocol was approved by
the Institutional Review Board at Seoul National University Hospital
(IRB no. 1602-150-747).

Sample Preparation for Proteomics Analysis of Cytology Samples—
All urine samples were fixed with BD CytoRich™ Clear Preservative
Fluid (BD Diagnostics-TriPath Imaging, Burlington, NC) and prepared
using the SurePath liquid-based preparation method according to the
manufacturer’s instructions (12). Briefly, the samples were collected
in individual 20-ml specimen containers based on the midstream
clean catch method, which is widely-used in daily practice. Each
12-ml sample was transferred to a 50 ml tube (BD Prepstain™ sys-
tem). The supernatant was discarded and 10 ml of preservative fluid
(BD CytoRich™ Clear) was added. After being vortexed for 15 = 5 s
and left static for a minimum of 30 min, the contents were transferred
to a 12-ml tubes and centrifuged for 5 min at 600 g (3240 rpm). The
urine samples were stored in a refrigerator (4 °C) without freezing for
less than 5 min on average until further preparation. After samples
were taken out from the refrigerator, the entire amount of each un-
fixed urine sample was transferred to a centrifuge tube and centri-
fuged for 5 min at 600 X g (3240 rpm). The supernatant fluid was
decanted and vortexed for 15 = 5 s at room temperature to homog-
enize the sample, followed by loading into a 12-ml centrifuge
tube holder onto the BD Prepstain™ system for processing. BD
SurePath™ PreCoat slides with settling chambers were placed on the
slide rack in the same position as the tubes in the centrifuge tube
holder. The NON-GYN program was run in the instrument. In the
Prepstain™ system, 500 ul of buffered distilled water (Sigma-Aldrich,
Cat #T6664; pH 8.0) was added to each 12-ml centrifuge tube. finally,
300 ul was aspirated from each sample and added to the correspond-
ing slide (supplemental Fig. S1).

Individual liquid-based cytology and FFPE tissue sections of 13
mm diameter and 10 um thickness were scraped for each case to
collect well-preserved populations of stained or unstained cells in
individual Eppendorf tubes. Cell pellets were lysed with 100 ul of SDS
extraction buffer (4% SDS; 100 mm Tris, pH 7.4; and 1 mm TCEP).
Samples were lysed by sonication and boiling at 95 °C for 30 min.
Proteins were digested using the filter-aided sample preparation pro-
cedure, as previously described (13). Briefly, 50 ul of samples were
mixed with 0.2 ml 8 m urea in 0.1 m Tris/HCI, pH 8.5, loaded onto a
30 k spin filter (EMD Millipore, Billerica, MA). Buffer was exchanged
with urea solution by centrifugation. Reduced cysteines were alky-
lated with iodoacetamide solution in darkness at room temperature
for 30 min. An additional 50 mm ammonium bicarbonate was added to
exchange the urea solution. Finally, proteins were digested at 37 °C
overnight with trypsin at an enzyme to protein ratio of 1:100. After an
overnight incubation, the filtration unit was transferred to new collec-
tion tubes, followed by centrifugation for 20 min. Peptides that were
retained in the filtration units were eluted with 50 ul 0.5 m NaCl to
enhance the yield of digested protein. The resultant supernatants
were acidified with 1% TFA.

Sample Preparation for Proteomic Analysis of FFPE Samples—
FFPE sections (10 uwm) were incubated twice in xylene for 5 min,
followed by 100% (v/v) ethanol twice for 3 min. Sections were then
hydrated twice in 85% (v/v) ethanol for 1.5 min, and distilled water for
3 min. Tissue samples were then scraped off the slides into microfuge
tubes, and extraction buffer (4% SDS; 1 mm TCEP; and 0.3 m Tris, pH
8.0) added. After sonication, samples were incubated at 95 °C for 2 h.
Extracted proteins were precipitated by adding chilled acetone at a
volume ratio of 1:5 buffer to acetone, followed by incubation at
—20 °C for 16 h. After washing with 200 ul of chilled acetone, protein
pellets were collected by centrifugation at 15,000 rpm for 10 min and
air-dried. Protein concentrations were measured using a bicin-
choninic acid reducing agent compatible kit (Thermo Fisher Scientific
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TABLE |
Clinicopathologic characteristics of the patients in cohort of bladder urothelial carcinomas

Bladder urothelial
carcinoma (BLCA)

Benign urothelial lesion
(BUL)

Gender (%, n)

Male 100%
Age at diagnosis (years)
50-60 20%
60-70 20%
70 60%
Pathologic diagnosis
Invasive urothelial carcinoma, high grade 40%
Papillary urothelial carcinoma, high grade 60%
Urothelial papilloma
Cystitis cystica
Stroma invasion
Present 90%
Pathologic stage
pTis 10%
pT1 60%
pT2 30%
AJCC stage
Ois 10%
| 60%
I 30%
Treatment
Transurethral resection 36%
Cystectomy 9%
Nephroureterectomy 9%
No treatment 18%
Adjuvant chemotherapy+cystectomy 9%
Cystectomy+ureterectomy 9%
Status
Follow up loss 30%
No evidence of disease recurrence 30%
Local recurrence 30%
Dead of complication 10%

10/10 100% 10/10
2/10
2/10

6/10

30%
10%
60%

3/10
1/10
6/10

4/10

6/10
30%
70%

3/10
7/10

9/10

1/10
6/10
3/10

1/10
6/10
3/10

4/10
1/10
1/10
2/10
1/10
1/10

100% 10/10

3/10
3/10
3/10
1/10

100% 10/10

Inc., Rockford, IL). Protein (100 ng per sample) was digested using
the filter-aided sample preparation procedure, as described above.

Desalting—Eluted peptides were desalted using C18 Stage Tips,
as previously described (14). C18 Empore disk membranes (3 M,
Bracknell, UK) were packed into the bottom of 200 ul yellow pipette
tips. POROS 20 R2 reversed-phase media (Applied Biosystems, Fos-
ter City, CA) was dissolved in 1 ml MeOH and 100 ul of the mixture
loaded separately into the tip for two rounds of filtration with MeOH.
Packed microcolumns were washed three times with 100 ul of MeOH
and 100% acetonitrile (ACN) consecutively and equilibrated three
times with 100 ul 0.1% TFA, by applying air pressure from a syringe.
After samples were loaded, microcolumns were washed three times
with 100 ul 0.1% TFA, and peptides subsequently eluted with 100 ul
of a series of elution buffers containing 40%, 60%, and 80% ACN in
0.1% formic acid. Finally, all eluates were dried in a vacuum centri-
fuge and stored at —80 °C until LC-MS/MS analysis.

LC-MS/MS Analysis—LC-MS/MS analysis was performed using a
Q Exactive Plus Hybrid Quadrupole-Orbitrap mass spectrometer
(Thermo Fisher Scientific Inc.), coupled to an Ultimate 3000 RSLC
system (Dionex, Sunnyvale, CA) via a nano electrospray source, as
previously described (13, 15), with some modifications. Peptide sam-
ples were separated on a two-column system, consisting of a trap
column and an analytic column (75 um X 50 cm) with a 120 min
gradient from 7% to 32% acetonitrile at 300 nl/min and analyzed by

mass spectrometry. Column temperature was maintained at 60 °C
using a column heater. Survey scans (350 to 1650 m/z) were acquired
with a resolution of 70,000 at m/z 200. A top-20 method was used to
select precursor ions with an isolation window of 1.2 m/z. MS/MS
spectra were acquired at an HCD-normalized collision energy of 30,
with a resolution of 17,500, at m/z 200. The maximum ion injection
times for the full scan and MS/MS scan were 20 and 100 ms, respec-
tively. The detailed data analysis process is described in supplemen-
tal Materials and Methods.

Data Analysis and Peptide Identification—Mass spectra were pro-
cessed using MaxQuant version 1.5.3.1 (16). MS/MS spectra were
searched against the Human Uniprot protein sequence database
(December 2014, 88,657 entries) using the Andromeda search engine
(17). Primary searches were performed using a 6-ppm precursor ion
tolerance for total protein level analysis. The MS/MS ion tolerance
was set to 20 ppm. Cysteine carbamidomethylation was set as a fixed
modification. N-acetylation of protein and oxidation of methionine
were set as variable modifications. Enzyme specificity was set to full
tryptic digestion. Peptides with a minimum length of six amino-acids
and up to two missed cleavages were considered. The required false
discovery rate (FDR) was set to 1% at the peptide, protein, and
modification level. To maximize the number of quantification events
across samples, we enabled the ‘Match between Runs’ option on the
MaxQuant platform.
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Label Free Quantification and Statistical Analyses—For label-free
quantification, the Intensity Based Absolute quantification (iBAQ) al-
gorithm (18) was used as a part of the MaxQuant platform. Briefly,
iBAQ values calculated by MaxQuant are raw intensities divided by
the number of theoretical peptides. Thus, iBAQ values are propor-
tional to the molar quantities of the proteins. All statistical analyses
were performed using Perseus software (19). For quantitative analysis
of iBAQ cytology data, we first filtered out proteins with at least 20
quantified values in each group. Missing values were imputed on the
basis of a normal distribution (width = 0.15, down-shift = 1.8) to
simulate signals of low abundance proteins. Finally, data were nor-
malized using width adjustment, which subtracts the medians and
scales all values in a sample to have equal interquartile ranges (20).
For normalization, the first, second and third quartile (g1, g2, and g3)
are calculated from the distribution of all iIBAQ values. The second
quartile that is the median is subtracted from each value to center the
distribution. Then, we divide by the width in an asymmetric way. All
values that are positive after subtraction of the median are divided by
values that calculated from (g3-g2) while all negative values are
divided by values that calculated from (g2—-q1). For quantitative anal-
ysis of iBAQ bladder urothelial carcinoma FFPE data, we first filtered
out proteins with at least 3 quantified values in each group. Missing
values were imputed by normal distribution as described above. The
iBAQ values of each protein were normalized against the sum of
quantitative values in individual runs. For pairwise comparison of
proteomes, two-sided t-tests were performed using permutation-
based FDR and a significance level of 5%. In case of FFPE data, a
protein was considered statistically significant if its fold change was =
2 and if it had an FDR = 0.05.

TCGA Data Process—For bladder urothelial carcinoma RNA se-
quencing data, we downloaded the level 3 RNA sequencing version 2
data set from TCGA with upper quartile normalized RSEM count
estimates from Broad Institute GDAC FireBrowse (TCGA data version
20160128, http://firebrowse.org/). The RNA sequencing version 2
dataset were produced on the lllumina HiSeq 2000 platform and
processed by the algorithms of MapSplice for aligning sequenced
reads and RSEM for quantifying the gene expression levels. For the
data normalization between samples, gene expression levels are
scaled by upper-quartile normalization method. Among the data
downloaded from TCGA, there are 408 bladder urothelial carcinoma
samples which include 19 benign urothelial lesion-matched bladder
urothelial carcinoma samples.

Integrated Analysis of Data from the Cancer Genome Atlas TCGA
and Proteomic Platforms—Proteins identified in the comparative pro-
teomic analysis as differentially abundant between benign urothelial
lesion and bladder urothelial carcinoma in the liquid-based cytology
cohort were aligned to transcripts expressed in the benign urothelial
lesion and bladder urothelial carcinoma cohort data in FFPE-based
quantitative proteomic analyses to compare the cytology proteome
profiles of bladder urothelial carcinoma samples. Finally, the external
public repository, TCGA data portal, was employed for comparative
bioinformatics analyses. Bladder urothelial carcinoma RNA sequenc-
ing data were sourced independently for comparative analysis with
protein expression data obtained using MS-based proteomic assays
to evaluate reliable ancillary biomarkers for bladder urothelial carci-
noma diagnosis using liquid-based cytology and FFPE samples (sup-
plemental Fig. S2).

Immunostaining—To select immunoreactive markers, protein ex-
pression value data and criteria for antibodies listed from comparative
analyses were obtained from The Human Protein Atlas data set, a
public repository of immunohistochemistry data (6, 21). Immunohis-
tochemical expression for each protein was evaluated using whole-
slide histopathology images from The Human Protein Atlas. After
exclusion of antibodies with indistinguishable expression between the

benign urothelial lesion and bladder urothelial carcinoma groups
based on micrographs from the data set, four candidate proteins were
subsequently validated by immunohistochemistry of 25 FFPE cases
and four immunocytochemistry of voided-urine liquid-based cytology
samples (supplemental Table S1). Standard immunohistochemistry
and immunocytochemical procedures for slides prepared by fixation
in 10% neutral buffered formalin solution or 95% ethanol were per-
formed using a Benchmark automatic immunostaining device (Ven-
tana BenchMark XT Staining System, Tucson, AZ) without any anti-
gen retrieval process. Tumor and normal cells (n = 100 each) were
counted across representative areas of each slide under an Olympus
BX51 microscope (Olympus, Tokyo, Japan) and the proportions of
stained cells recorded separately.

Bioinformatic and Statistical Analyses—All proteomic datasets
were submitted to the ProteomeXchange Consortium (http://
proteomecentral.proteomechange.org) via the PRIDE partner repos-
itory (http://www.ebi.ac.uk/pride/archive/projects/PXD006805, pro-
ject ID: PXD006805) (22). Annotated MS/MS spectra can be accessed
through MS-Viewer (23) (http://msviewer.ucsf.edu/prospector/cgi-
bin/mssearch.cgi?report_title=MS-viewer&search_key=d4qgfuhxipu&
search_name=msviewer) with the following search keys: d4qgfuhxipu.
Venny web server 2.0 (http://bioinfogp.cnb.csic.es/tools/venny/index.
html) was used to generate genomic distributions across different
groups (24).

The area under the curve (AUC) values for four individual tran-
scripts were estimated from an entire data set including 427 obser-
vations (408 tumor and 19 normal samples) and a paired data set
including 38 observations (19 tumor and 19 normal samples). We
use the receiver operating characteristics (ROC) function of the R
package, pROC, to obtain AUC values and thresholds producing
maximum values for the sums of sensitivities and specificities (https://
www.r-project.org/).

In addition to AUC value, we calculated five performance measures
including Sensitivity, Specificity, Accuracy, Positive predictive value
(PPV), and Negative predictive value (NPV). By using R package, we
calculated the five performance measures for all possible threshold
value of marker expression and determined the performance meas-
ures at the optimal threshold value, which maximizes sums of sensi-
tivity, specificity and accuracy.

Experimental Design and Statistical Rational—We designed a com-
prehensive stepwise approach to discover novel biomarkers to detect
urothelial carcinoma in liquid-based cytology. Total 20 biological rep-
licates and technical duplicates were performed using liquid-based
cytology samples. The discovery approach was performed with two-
sided t-tests using permutation-based FDR to identify proteins al-
tered between benign urothelial lesion and bladder urothelial carci-
noma liquid-based cytology samples. A convergent filtering approach
with additional proteomic and mRNA data set was adopted to prior-
itize the proteins quantified in the discovery step. Proteomic benign
urothelial lesion and bladder urothelial carcinoma in-house FFPE
samples and in-silico TCGA data repository were analyzed permuta-
tion-based FDR and Wilcoxon rank sum tests for genes with adjusted
p values by using Benjamini-Hochberg method, respectively. Total six
biological replicates and one technical replicates were analyzed in
bladder urothelial carcinoma FFPE samples. Predictive ability of fi-
nally selected four candidate biomarkers was further evaluated to
identify base on receiver operating characteristic curve. These were
brought forward to the next validation step in which Students t test
were applied to test for immunocytochemical diagnostic ability in
independent liquid-based cytology cohorts being followed by the
results of immunohistochemistry in FFPE samples and screened data
from The Human Protein Atlas.
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RESULTS

Quantitative Proteomic and Bioinformatic Analyses Work-
flow—In this study, we developed a workflow to achieve
identification of reproducible biomarkers with high ability to
discriminate between benign urothelial lesion and bladder
urothelial carcinoma in voided liquid-based cytology urine
samples. A schematic summary of the overall multi-step
workflow is presented in Fig. 1.

Global Profiling of the Urothelial Carcinoma Proteome in
Liquid-based Cytology— In liquid-based cytology, analysis of
samples based on equal amounts of protein can cause seri-
ous problems, because even the normal range of total cell
counts per urine sample volume is very wide. In this study,
total cell counts of negative (benign urothelial lesion) samples
ranged from 7 X 10% to 1 X 10°, whereas those of positive
(bladder urothelial carcinoma) samples ranged from 5 x 10*
to 4 X 10°. To address this problem, we analyzed all proteins
obtained from one slide to ensure that the cells were derived
from the same initial volume of urine. In addition, MS data
were normalized based on total cell counts using a width
adjustment algorithm to correct for systematic variations.

In total, 4839 proteins were identified at the 1% FDR level
by single-shot proteomic analysis of the liquid-based cytology
set. On average, we identified and quantified > 1000 and >
2500 proteins in benign urothelial lesion samples and bladder
urothelial carcinoma samples, respectively (Fig. 2A and sup-
plemental Table S2). To avoid endogenously biased compar-
isons, we only considered the subset of 214 proteins in our
data for 100% valid values in all 20 single run analyses in each
group (total 40 single-run analyses) for further analysis. We
observed an excellent correlation between technical repli-
cates (average R? = 0.73-0.99) (supplemental Fig. S3). Inter-
estingly, biological correlation indicated higher diversity
among benign urothelial lesion samples (average R = 0.62)
compared with bladder urothelial carcinoma samples (aver-
age R? = 0.77). As expected, MS signals based on iBAQ value
correlated well with total cell counts as overall correlation of
0.66 (supplemental Fig. S4). After implementation of a nor-
malization process to correct for systematic bias across com-
parison groups (supplemental Fig. S5), label-free quantifi-
cation and statistical analysis yielded 112 differentially
expressed proteins from a total of 20 cases with an FDR-
adjusted p value < 0.05 (supplemental Table S3). Hierarchical
clustering and principal component analysis revealed tight
clustering of two groups and their corresponding biological
replicates, indicating distinct protein expression patterns
within each group (bladder urothelial carcinoma and benign
urothelial lesion; Fig. 2B and 2C and supplemental Fig. S6).

Comprehensive Identification of the Urothelial Carcinoma
Proteome in FFPE Samples— Next, we identified differentially
expressed proteins between bladder urothelial carcinoma and
cystitis cystica FFPE samples for cross-validation. MS anal-
ysis of the FFPE set yielded 7911 identified protein groups

and 7870 quantified protein groups with high confidence at
the 1% FDR level (supplemental Table S4 and Fig. 3A). On
average, we identified > 6500 proteins in each sample (Fig.
3B), spanning seven orders of magnitude of signal intensity
(supplemental Fig. S7). We observed a good correlation be-
tween biological replicates (Pearson correlation = 0.839-
0.877 in cystitis cystica and 0.817-0.851 in urothelial carci-
noma; supplemental Fig. S8). Analysis of spiked standard
peptides for batch normalization revealed only small varia-
tions (coefficient of variation, CV < 6%) caused by process-
ing, indicating that the quantified expression diversity
stemmed from true biological difference between tumor
types. Eventually, label free quantification, based on MS1
intensity, identified 758 differentially expressed proteins with
an FDR-adjusted p value < 0.05 and > 2-fold-change in
expression (Fig. 3C and supplemental Table S5). Principal
component analysis revealed tight clustering between urothe-
lial carcinoma and non-tumor cases, and their corresponding
biological replicates, indicating distinct protein expression
patterns within each sample (Fig. 3D).

TCGA Analysis for External Validation—To validate the ob-
servations in our in-house data cohorts, we analyzed an ex-
ternal validation cohort of publicly available TCGA dataset
which include 19 benign urothelial lesion and 408 bladder
urothelial carcinoma mRNA sequencing samples. To identify
differentially expressed genes between benign urothelial le-
sion and bladder urothelial carcinoma samples, we first ap-
plied a 2-fold cut-off criterion based on Fold Changes (FC).
Subsequently, we performed Wilcoxon rank sum tests for the
remaining 17,801 genes using the python module scipy.
stats.ranksums. To correct for the occurrence of false-posi-
tives within the multiple statistical tests, we adjusted p values
using the Benjamini-Hochberg method in Bioconductor q
value package in R. After multiple testing corrections, we
identified 4244 differentially expressed genes with Benjamini-
Hochberg adjusted p values < 0.05. Among the selected
differentially expressed genes, 1564 and 2680 genes were
overexpressed and downregulated in bladder urothelial car-
cinoma, respectively (supplemental Table S6).

Protein Signature for Urothelial Carcinoma Diagnosis—To
identify proteins that could serve as valuable tools for more
accurate cytological diagnosis, we employed cross-platform
comparisons and filtering procedures, using two quantitative
proteomic data subsets derived from the bladder urothelial
carcinoma and benign urothelial lesion liquid-based cytology
samples and in silico analysis of publicly available TGCA data
sets from the same groups.

Co-expression analysis identified 11 shared proteins with
FDR-adjusted p value < 0.05 from LBC and FFPE proteomics
data (supplemental Table S7). Integrative analysis of these 11
proteins, along with 4244 genes identified as differentially
expressed (g-value < 0.05) by analyzing TCGA-derived RNA
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Fic. 1. Overview of the study design. Proteomic analysis of urinary bladder urothelial carcinoma (BLCA) liquid-based cytology (LBC)

samples.
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Fic. 3. Results of proteomics analysis in BUL (cystitis cystica) and BLCA (bladder urothelial carcinoma) FFPE samples. A, Number
of proteins common to BUL and bladder urothelial carcinoma. B, Number of identified proteins in individual samples. C, Volcano plot depicting
the variance in expression between bladder urothelial carcinoma and BUL samples. (Orange dot: p value <0.05, Blue dot: p value = 0.05). D,
Principal component analysis (PCA) of proteome data from six samples using the total set of proteins quantified with an expression value
across all samples (Red dot: bladder urothelial carcinoma, Blue dot: benign urothelial lesion).

Fig. 2. Identification and label-free quantification of non-tumor benign urothelial lesion (BUL, control) and bladder urothelial carcinoma
(BLCA, case) from urine liquid-based cytology (A) results of identified proteins in benign urothelial lesion and bladder urothelial
carcinoma liquid-based cytology samples. Total and average number of protein groups identified in each case. B, Volcano plot depicting
the variance in expression between benign urothelial lesion and bladder urothelial carcinoma samples. Highlighted data points indicate the four
proteins selected using cross-platform based analysis (blue dots, decreased intensity in bladder urothelial carcinoma; red dots, increased
intensity in bladder urothelial carcinoma). Dotted vertical lines indicate one standard deviation from the mean fold-change. C, Principal
component analysis (PCA) of proteome data from 20 samples using the total set of proteins quantified with an expression value across all
samples (left panel). Highlighted data points indicate the 13 proteins selected using cross-platform based analysis (blue dots, decreased
intensity in bladder urothelial carcinoma; red dots, increased intensity in bladder urothelial carcinoma, right panel).
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Fic. 4. Distribution of differential mMRNA (TCGA) and proteomic expression, and comparison of receiver operating characteristic
(ROC) plots for the predictive power of four mRNA urinary biomarkers for distinguish bladder urothelial carcinoma (BLCA) from BUL.
A, Venn diagram showing the genes differentially expressed between two proteomics and TCGA, and (B) heatmap of four common transcripts
expression (Log, fold change, FC) between benign urothelial lesion and bladder urothelial carcinoma. C, Total urothelial carcinoma cohort
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sequencing expression data revealed a set of 4 candidate
proteins including Neuroblast differentiation-associated pro-
tein AHNAK (AHNAK), Epiplakin (EPPK1), Myosin-14 (MYH14)
and Olfactomedin-4 (OLFM4) which were able to discriminate
between bladder urothelial carcinoma and benign urothelial
lesion (Fig. 4A and supplemental Table S7). Among 4 candi-
dates, EPPK1 and MYH14 were either elevated or decreased
(LBC Log,FC range, —4.43 to —2.51; FFPE Log,FC range,
1.06 to 9.97; TCGA Log,FC range, —1.47 to 1.57) in their
protein or mMRNA expression in bladder urothelial carcinoma,
respectively. AHNAK (LBC, Log,FC = -3.83; FFPE,
Log,FC = —1.22; TCGA, Log,FC = —1.67) and OLFM4 (LBC,
Log,FC = —5.38; FFPE, Log,FC = —9.83; TCGA, Log,FC =
—2.69) were consistently downregulated in all data sets (Fig.
4B). To assess the discrimination power of the four tran-
scripts, we compared the AUC values of each candidates
(Fig. 4C and Fig. 4D and supplemental Table S8). The geom_
density function computes and draws kernel density esti-
mates, which are smoothed versions of the histogram.
Through kernel density estimation, we found peaks for each
transcript showing similar patterns in two separate sets in-
cluding a paired and a total cohort in TCGA. The mRNA
expression level of AHNAK and OLFM4 were significantly
decreased in bladder urothelial carcinoma compared with
normal control samples. EPPK1 and MYH14 were evenly
distributed in both groups (Fig. 4C and Fig. 4D).

AHNAK as a Single Immunocytochemical Biomarker for
Urothelial Carcinoma Diagnosis—As a final step in the devel-
opment of a reliable biomarker that can aid bladder urothelial
carcinoma diagnosis from liquid-based cytology samples,
four putative candidate proteins were queried to The Human
Protein Atlas to annotate their comparative protein expression
profiles between bladder urothelial carcinoma and normal
urothelial samples, as determined by immunohistochemical
staining (supplemental Table S9). Despite the limited informa-
tion because of the lack of cases on the atlas, expression
levels of EPPK1 and OLFM4 were not distinguishable be-
tween bladder urothelial carcinoma and normal urothelial
samples as opposed to AHNAK and MYH14, which showed a
tendency to be lower in bladder urothelial carcinoma com-
pared with in non-tumor tissues (supplemental Table S9).
Subsequently, we stained four immunostaining markers,
AHNAK, EPPK1, MYH14, and OLFM4, to apply to the in-
house 25 FFPE samples for further marker selection. Along
with the immunohistochemical characteristics from The Hu-
man Protein Atlas, the in-house immunostaining results also
indicated that, of the four candidate biomarkers, AHNAK was
the only protein that could discriminate urothelial carcinoma
from normal urothelial cells in preliminary immunocytochem-

ical analysis of 25 FFPE tissue samples and five liquid-based
cytology samples, separately.

AHNAK was further investigated by immunocytochemistry
in two independent validation cohorts of 55 and 60 voided-
urine liquid-based cytology samples, which revealed that this
biomarker demonstrated a cytological characteristic of cell-
type specific subcellular localization. In urothelial carcinoma
cells AHNAK immunocytochemistry was characterized by
dominant nuclear staining, whereas in normal urothelial cells
this protein was primarily localized to the cytoplasmic subcel-
lular compartment (Fig. 5). The rate of positivity for nuclear
AHNAK expression was significantly higher in carcinoma
cells, compared with non-tumor urothelial cells (mean values,
42.7% and 42.9% versus 0.7% and 9.6%, p < 0.001, respec-
tively for two independent validation tests; supplemental Ta-
ble S10, supplemental Table S11 and Fig. 5), whereas notably
lower cytoplasmic expression of AHNAK was observed in
urothelial carcinoma cells compared with benign urothelial
cells (2.8% and 6.5% versus 57.4% and 68.0%, p < 0.001,
respectively for two independent validation tests; supplemen-
tal Table S10, supplemental Table S11 and Fig. 5). Diagnostic
performances of AHNAK was summarized in Table Il. In each
of the two staining cases in Fig. 5, we calculated five perform-
ance measures (Sensitivity, Specificity, Accuracy, PPV, and
NPV) using the AUC values for all possible threshold value of
AHNAK expression and found the optimal threshold value
which maximizes sums of sensitivity, specificity and accu-
racy. At the optimal threshold values for cytoplasmic and
nucleic staining cases, the calculated performance measure
values showed that AHNAK can be used to accurately dis-
criminate between benign urothelial lesion and bladder
urothelial carcinoma (Table ).

DISCUSSION

Liquid-based preparation has been used increasingly for
various types of cytology samples (9) and has technical ad-
vantages over conventional smear tests (25, 26). In this study,
all liquid-based cytology samples were prepared using the
preservation solution, “CytoRich Clear Preservative Fluid,”
which contains a mixture mainly composed of ethanol with
small amounts of methanol and isopropanol, and has been
confirmed to achieve superior DNA preservation for genomic
analysis, compared with the conventional 95% ethanol-based
fixation used in previous studies (27, 28). After scraping off all
cytological material within an encircled spot, our single-shot
MS analysis achieved identification of a total of 4839 proteins
in a relatively short time without fractionation, which is a
comparable depth of proteome coverage to that reported in a
previous study (29). Carvalho et al. performed LC-MS of con-

(n = 427) and (D) 19 paired cohort (n = 38) from TCGA. (left panel) Density distribution of correlation coefficients of mMRNA expression between
benign urothelial lesion (aqua) and bladder urothelial carcinoma (pink). Dashed lines indicate the mean correlation in each distribution (right
panel). The area under the receiver operating characteristic (ROC) curve (AUC) of individual mRNA transcript to distinguish between benign

urothelial lesion and bladder urothelial carcinoma.
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TABLE Il
Differential diagnostic performance of AHNAK immunocytochemistry at the optimal threshold for two independent validation cohorts

Immunostaining characteristics Sensitivity Specificity Accuracy PPV NPV
15t validation cohort (n = 55)
Positive cytoplasmic staining 1 0.982 0.991 0.982 1
Positive nucleic staining 0.964 1 0.982 1 0.965
2"d validation cohort (n = 60)
Positive cytoplasmic staining 1 1 1 1 1
Positive nucleic staining 0.8 0.9 0.833 1

ventional bronchial cytology pellets obtained by centrifuga-
tion, unlike our harvesting of cellular material from one liquid-
based cytology slide from each patient, which can maximize
the application of ancillary tests, as well as preserve residual
samples for the preparation of additional slides for further
molecular analysis, unlike pellet-based testing (30). The har-
vest of cells directly from cytology slides is still challenging
because of the unique characteristics of sample fixation and
the limited number of cells from each cytology slide as op-
posed to FFPE- or FACs-based sorted samples, which are
replicable for preparation in proteomic analysis. In our study,
to minimize the technical challenge, we standardized the en-
tire preparation process for mass spectrometry. All liquid-
based cytology samples were obtained from the same vol-
umes of urine for each case to minimize sample loading bias.
Peptides were injected into the mass spectrometer after all
cells were extracted from the liquid-based cytology slide to be
more productive for protein identification. To remove any
systemic bias inherent to our approach including the different
amounts of starting protein materials, quantile normalization
was performed. Missing values were imputed by normal dis-
tribution. In addition, all quantified proteins in each sample
groups were only subjected to label-free quantification. Thus,
we leveraged our proteomic strategy to generate the first and
largest in-depth quantitative proteome analysis of bladder
urothelial carcinoma using cytology specimens.

Further analysis used the Perseus software platform for
pairwise comparisons of changes in expression, a Student t
test applied with a permutation-based approach generated a
filtered list of 112 significantly altered proteins. The following
co-expression analysis subsequently identified 11 shared
proteins with FDR-adjusted p value < 0.05 from cross-filtering
between liquid-based cytology and FFPE proteomics data.
Finally, TCGA RNA sequencing data set was adopted to filter
out the candidate markers out of 11 proteins that had no

discriminate power between benign urothelial lesion and blad-
der urothelial carcinoma, which has been the widely utilized
data analyzing method in many previous researches for the
selection or validation of candidate markers obtained from
their in-house data (31-33).

Interestingly, we observed cell type-specific differences be-
tween urothelial carcinoma and normal urothelium cells in the
subcellular translocation of the AHNAK protein. Immunoreac-
tion was mainly detected in the nuclei of bladder urothelial
carcinoma cells, compared with cytoplasmic localization in
benign urothelial cells on liquid-based cytology slides. These
are unique immunocytochemical features, compared with
published findings of immunohistochemical staining of FFPE
bladder urothelial carcinoma tissue samples (34). Okusa et al.
demonstrated higher cytoplasmic membrane protein expres-
sion of AHNAK in urothelial carcinoma tissues compared with
adjacent normal tissue and suggested that AHNAK may be a
bladder urothelial carcinoma specific marker (34). Hence, the
results of FFPE-based immunological analysis are partly con-
sistent with our observation of AHNAK immunoreactivity in
FFPE bladder urothelial carcinoma specimens (supplemental
Fig. S9). Although there is no evidence to explain the dis-
agreement in the findings generated by the two methods,
our assumption is that variations in the extent of sample
processing for immunohistochemistry and immunocyto-
chemistry lead to differences in the results of antibody-
mediated staining. No processes are required prior to anti-
body staining in immunocytochemistry, which may affect
the ability of the antibodies to recognize target epitopes,
unlike the upstream processes invariably required for im-
munohistochemical analyses.

Aside from the technical aspect, the biological functions of
AHNAK are another ambiguous factor, and may be defined by
the diversity of the subcellular localization of this protein (35—
39). When AHNAK was initially identified in normal bovine

Fig. 5. Results of for immunocytochemical staining of bladder urothelial carcinoma cells (BLCA, A) and benign urothelial cells (BUL,
A) for AHNAK, and boxplot and beeswarm plot with the area under the receiver operating characteristic (ROC) curve (AUC) of
individual immunocytochemical staining in two validation cohorts (B&C). A, Positive immunocytochemical staining for AHNAK in bladder
urothelial carcinoma cells (left upper: nuclear expression and left lower: cytoplasmic expression. x40, inset X1000). Positive immunocyto-
chemical staining for AHNAK in benign urothelial cells (right upper: nuclear expression and right lower: cytoplasmic expression. x40, inset
X1000). (B and C) Average protein expression values are indicated by lines, and the median and quartile values of cells with AHNAK
immunocytochemical staining are represented by boxes. p values obtained by nonparametric Wilcoxon test are shown on top of each bar
graph. The AUC of AHNAK immunocytochemistry is shown to distinguish between benign urothelial lesion and bladder urothelial carcinoma.
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muzzle epidermal cells, immunofluorescent microscopy re-
vealed a patchy staining pattern along the cytoplasmic mem-
brane (40); however, various other cell-type-specific intracel-
lular locations have been described in further reports (38, 41).
Absence of uniform expression of AHNAK has consistently
been described in malignant tumors, with diverse intracellular
localization depending on the type of tumor cell (38, 41-44).
AHNAK was described as a nucleoprotein in neuroblastoma
cell lines, where its expression was significantly suppressed
(36), whereas in a study of melanoma, immunoreaction was
observed mainly in the cytoplasm of normal cells, as oppose
to loss of expression in melanoma cells (35). Based on these
observations, the authors suggested that AHNAK may have a
tumor suppressor role, which is in accord with our findings, as
well as those of other studies (39, 43). In our study, the levels
of AHNAK protein and transcript were both significantly de-
creased in bladder urothelial carcinoma compared with be-
nign urothelial lesion samples, based on proteomics and
TCGA data. Along with the results of the analyses, our immu-
nocytochemistry data support significantly reduced AHNAK
expression in bladder urothelial carcinoma relative to benign
urothelial lesion samples (54.3% versus 37.5%) which is also
consistent with the immunohistochemical characteristics pro-
vided from The Human Protein Atlas. In the data set, three
different kinds of antibodies (HPA019010, HPA19070, and
HPAO026643; Sigma-Aldrich, Saint Louis, MI) were tested and
demonstrated unique immunoreactivity depending on the
type of antibody. HPA019010, which was the identical anti-
body employed in our study, also showed reduced immuno-
reactivity in bladder urothelial carcinoma compared with be-
nign urothelial lesion (supplemental Table S12). According to
the external data bases, including SurvExpress and The Hu-
man Protein Atlas, aside from a diagnostic role, AHNAK was
revealed as the only prognostic markers out of 11 proteins
which were selected as candidates in both datasets (supple-
mental Fig. S10, supplemental Fig. S11 and supplemental
Table S13).

In conclusion, taking advantage of advanced proteomic
techniques, the present study identified a novel promising
diagnostic biomarker which can be applied as a new ancillary
test for differentiation of bladder urothelial carcinoma from
benign urothelial lesion using voided-urine liquid-based cytol-
ogy samples, which are the most frequently used diagnostic
sample in routine practice. We successfully demonstrated
that the nano LC-MS/MS technique can be applied to in-
depth -omics analysis for novel biomarker evaluation using
cytology preparations with limited amounts of cellular con-
tent, which has been the main practical restriction to the
application of high-throughput genomics to human cytologi-
cal samples. Further investigations will be required in our
future studies to understand the intracytoplasmic transloca-
tion of AHNAK, which is the limitation of our study.
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