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Abstract

Benign prostatic hyperplasia and related lower urinary tract symptoms remain common, costly,
and impactful issues for aging males. Etiology and pathogenesis are multifactorial and include
steroid hormone changes and inflammation. Noninvasive markers could one day inform
personalized medicine, but interindividual variation and lack of healthy age-matched controls
hamper research. Experimental models are appealing for insight into disease mechanisms. Here,
we present a spatiotemporal proteomics study in a mouse model of hormone-induced urinary
dysfunction. Urine samples were collected noninvasively across time: before, during, and after
disease onset. Microcomputed tomography analysis implicated the prostate as a spatially relevant
contributor to bladder outlet obstruction. Prostates were collected after disease onset and
compared with control mice. Notable changes in urine include proteins representing oxidative
stress defense and acute phase inflammatory response processes. In the prostate, hormone
treatment led to perturbations related to oxidative stress response and H,O, metabolism. Several
protein changes coincided in both urine and prostate tissue, including GPX3, GGT1, and GC. This
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study supports the concept of noninvasive urinary biomarkers for prostate disease diagnostics.
Oxidative stress and acute phase inflammatory processes were identified as key consequences of
hormone-induced bladder outlet obstruction. Future research into antioxidants and anti-
inflammatories in prostate disease appears promising.

Graphical Abstract

Keywords
spatiotemporal; proteomics; endocrine disruption; urine; prostate; lower urinary tract symptoms

INTRODUCTION

Lower urinary tract symptoms (LUTS) are often accompanied by benign prostatic
hyperplasia (BPH) and occur at a high rate in aging males, with substantial cost (>$3.9 B/yr
in US) 1 and detriment to quality of life 2. These symptoms include painful or frequent
urination, nocturia and sleep disturbance, and acute urinary retention, which can prove fatal
3. The etiology of BPH/LUTS is multifactorial and likely includes changes in steroid
hormones associated with aging or environmental exposures, inflammation, oxidative stress,
and metabolic disease 4-6. An important pathogenesis, urethral occlusion secondary to BPH,
is associated with fibrosis, smooth muscle dysfunction, and hyperplasia /. Diagnosis of
LUTS remains subjective — based on patient symptom surveys 8. Surgical interventions are
common, as efficacy and tolerance of current drugs are imperfect °. We and others have
investigated possible noninvasive urinary biomarkers, with the goals of stratifying patients
for personalized medicine and identifying potential druggable pathways for new therapeutics
10-12 ' hut more work is needed to validate and link these with disease subtypes. Mouse
models of disease could provide valuable mechanistic insight, owing to inherently low
interindividual variability and tightly controlled experimental conditions.

Aging males experience BPH/LUTS concurrent with a decreasing testosterone:estradiol
ratio. Furthermore, when age is controlled-for, decreased testosterone:estradiol ratio
associates with LUTS 13, prostate inflammation 14, and BPH 1% 16 _ indicating a potential
role for this endocrine disruption in disease etiology. Aging-associated changes in plasma
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steroid hormone concentrations are subtle 17- 18 and environmental endocrine disruptors
appear capable of generating similar effects 1% 20, but more work is needed to fully
appreciate the role of hormones and endocrine disruption in BPH/LUTS. Therapies that
antagonize or selectively modulate estrogen receptors or downstream signaling processes
appear promising for BPH/LUTS treatment or prevention 21 22,

The present study employed a human-relevant mouse model of lower urinary tract
dysfunction, which relies on slow-release, subcutaneous hormone implants to generate
marked bladder outlet obstruction by as early as 4 weeks of exposure 23. The urologic effects
of this model are well-characterized 23-25, and prior work demonstrated that estrogen
receptor alpha is necessary for bladder outlet obstruction 23, but little else is known about the
molecular signature associated with urinary dysfunction. To learn more about the molecular
underpinnings of hormone-induced bladder outlet obstruction, we undertook a
spatiotemporal proteomics experiment (Fig. 1). Here, noninvasive urine sampling before,
during, and after the onset of bladder outlet obstruction allowed temporal monitoring via
global proteomics in treated mice. Spatial proteomics of treated and untreated mouse
prostates provided insight into the potential source of changes observed in urine —a
validation step often obviated by limited patient tissue availability in benign diseases like
BPH/LUTS. Prostate tissue proteomics also provides a more comprehensive view into
disease processes occurring at the site of bladder outlet obstruction.

EXPERIMENTAL SECTION

Mouse Treatment

All animal experiments and procedures were conducted under protocols approved by the
University of Wisconsin Animal Care and Use Committee. Eighteen adult male C57BL/6
mice were used in this study (Charles River, Wilmington, MA). Nine received slow-release,
subcutaneous hormone pellet implants of 2.5 mg 17p-estradiol (with 22.5 mg cholesterol
binder) and 25 mg testosterone (Fig. 1), as previously described 24. Nine untreated mice
served as age-matched littermate controls for the tissue-based analyses. All mice were
maintained under standard laboratory conditions throughout the experiment (12-hr light/12hr
dark cycle; Teklad 8604 food and water ad /ibitum). One mouse per group was used for a
terminal microcomputed tomography imaging experiment at the week 4 time point.

Sample Collection and Preparation

Urine Samples—Mouse urine was collected before hormone pellet implantation (week 0)
and after 2, 4, and 8 weeks of this treatment via metabolic cage (7= 8). Urine sampling
occurred at the same time during the morning of each time point. Urine deposited in the cage
(500 pL) was preserved with 4% sodium azide (v/), frozen on dry ice, and stored at —80 °C
until further processing.

Urine samples were prepared for global proteomic analysis via urea in-solution trypsin
digestion. Briefly, urine samples were thawed on ice, vortexed to redissolve protein, and
aliquoted into a 3 kDa centrifugal filter device (Millipore, Burlington, MA). The retained
protein fraction (> 3 kDa) was obtained following the manufacturer’s protocol. Proteins
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were quantified via BCA assay (Thermo, Waltham, MA) and 20 ug were digested as
follows. Lyophilized proteins were redissolved in 8 M urea / 50 mM Tris buffer (pH = 8),
disulfide bonds were reduced with 5 mM dithiothreitol (DTT) for 1 hr, free thiol groups
were alkylated with 15 mM iodoacetamide for 30 min (dark), and the reaction was quenched
via5 mM DTT. Samples were then diluted to <1 M urea via 50 mM Tris buffer and digested
with sequencing-grade trypsin (Promega, Madison, WI) at 50:1 (protein:enzyme) for 18
hours at 37 °C. Tryptic peptides were desalted via C18 OMIX pipette tips (Agilent, Santa
Clara, CA) before lyophilization and storage at —80 °C until analysis.

Prostate Tissue Samples—Treated (/7= 8) and untreated (7= 8) mice were sacrificed
after the week 8 urine collection time point. Mice were euthanized by CO5 asphyxiation and
each mouse was analyzed as a single biological unit. Bladder and prostate masses were
recorded. Half of the anterior, ventral, and dorsolateral prostate lobes were combined into a
single tube, frozen on dry ice, and stored at —80 °C until further processing.

Prostate tissue samples were prepared for global proteomics analysis via a modified
surfactantaided sample preparation technique with trypsin, as previously described 26.
Briefly, frozen prostates were thawed and homogenized in a solution containing sodium
dodecyl sulfate, deoxychalic acid, and a reducing agent in an ammonium bicarbonate buffer.
Aliquots of homogenate were added to pre-passivated 30 kDa centrifugal filter units
(Millipore, Burlington, MA) for urea buffer exchange and alkylation, followed by 18-hour
digestion with sequencing-grade trypsin (Promega, Madison, WI), and final collection of
peptides. Samples were cleaned up via SCX spin tips (Protea Biosciences, Morgantown,
WYV), followed by desalting with C18 OMIX pipette tips (Agilent, Santa Clara, CA), and
peptide quantification via BCA assay (Thermo, Waltham, MA). Lyophilized peptides were
stored at —80 °C until analysis.

Microcomputed Tomography Procedure

Prior studies have demonstrated marked hormone-induced bladder outlet obstruction by 4
weeks of treatment 23, To provide additional temporal evidence for the onset of bladder
outlet obstruction, and to more accurately visualize the location and severity of bladder
outlet obstruction after 4 weeks of treatment, we imaged the lower urinary tracts of one
treated and one untreated mouse /7 situ via microcomputed tomography (UCT).

Mice were prepared and imaged as follows. Intraperitoneal saline (1 mL) and tail-vein
ISOVUE370 contrast agent (0.25 mL) were administered 15 minutes prior to euthanasia by
sodium pentobarbital. Mice were imaged at the University of Wisconsin — Madison Small
Animal Imaging Facility on a Siemens Inveon UCT instrument for 20 minutes at a resolution
of 20 um. Three-dimensional reconstruction of images was achieved using Siemens Inveon
Research software.

Mass Spectrometry

Mass spectrometry-based, label-free global proteomics with relative quantification was used
to assess protein-level changes in urine and prostate tissue samples due to hormone
treatment. All samples were analyzed on a Thermo Dionex nanoLC system coupled to a
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Thermo Q Exactive HF mass spectrometer. A C18 column was fabricated in-house with an
integrated electrospray ionization emitter (75.1 um x 150 mm, BEH 1.7 um, 130 A).
Samples were kept at 4 °C in the autosampler. Mobile phase A was 0.1% formic acid in H,O
and mobile phase B was 0.1% formic acid in acetonitrile (Fisher, Hampton, NH). Flow rate
was 0.3 uL/min. The nanoLC gradient was as follows: 0-16 min 3% B, 16-106 min 3-30%
B (linear), 106106.5 min 30-75% B (linear), 106.5-116 min 75% B, 116-116.5 min 75—
95% B (linear), 116.5-126 min 95% B, 126-126.5 min 95-3% B (linear), 126.5-141 min
3% B. Top 15 data-dependent acquisitions were conducted with the full MS scanned from
m/z 300-1,500 at a resolving power of 60K (at /m/z200) and an S-lens radio frequency of
30. Parent masses were isolated in the quadrupole with an isolation window of 1.4 m/zand
fragmented with higher-energy collisional dissociation with a normalized collision energy of
30 eV. MS/MS scans were detected in the Orbitrap using the rapid scan rate, a dynamic
exclusion time of 45 s, and a resolution of 15K (at /7/z 200). Automatic gain control targets
were 3x10° for MS and 1x10° for MS/MS acquisitions. Maximum injection times were 50
ms for MS and 100 ms for MS/MS.

Data Processing and Statistical Analysis

Protein identification and relative quantification for urine and prostate samples were
achieved using MaxQuant software (v1.6.2.10; Max Planck Institute, Martinsried, Germany)
21 with protein- and peptidelevel FDR = 0.01, match between runs, intensity-based absolute
quantification, manual mean normalization, and the Swiss-Prot Mus musculus database
(v2018_11). Urine and prostate samples were processed in separate batches.

Significant changes in bladder and prostate mass were determined using the Student’s ~test
after log, normalization (a = 0.05; GraphPad Prism v5.04, La Jolla, CA). Significant
changes in urine proteins across time were determined using the repeated measures-analysis
of variance (RM-ANOVA) with Tukey’s post-hoc test after log, normalization (a = 0.05;
Java, Redwood Shores, California). Process-level roles for significant proteins were
determined manually using the UniProt and GeneCards online databases. Significant
changes in prostate tissue proteomics were determined via volcano plot using Student’s #test
and a permutation-based FDR (a = 0.05; Perseus v1.6.2.3; Max Planck Institute,
Martinsried, Germany) 28, Significantly overrepresented biological processes in the prostate
proteomics dataset were determined using the Hypergeometric test with Benjamini &
Hochberg FDR correction (a = 0.05; BiNGO tool, Cytoscape v3.6.1) 2% 30,

RESULTS AND DISCUSSION

Morphometrics

Microcomputed tomography imaging provided noninvasive, /n situ visualization of a urinary
occlusion located in the area of the prostate after 4 weeks of hormone treatment (n=1
treated vs n=1 control) (Fig. 1, Fig. S-4). In an unobstructed control mouse, contrast is
present throughout the urethra, continuing externally to the fur. Hormone treatment led to
apparent urinary retention and bladder enlargement. As expected, bladder and prostate
masses after 8 weeks of treatment were significantly different and increased with treatment
(n= 8 treated vs n= 8 control; Student’s #test, a = 0.05) (Fig. 1).
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Urinary Proteomics — Across Time

Urinary proteomics identified 338 total proteins, with 120 demonstrating a significant
change in at least one time point (7= 8; RM-ANOVA, Tukey’s post-hoc) (Fig. 2, Table S-1).
Notably, several of these proteins play critical roles in oxidative stress defense and were
generally increased throughout disease onset (Fig. 3). Additionally, several proteins of the
acute phase inflammatory response and xenobiotic response also demonstrated significant
changes throughout disease onset, and were generally increased across time (Fig. S-1).
Proteins representing these processes that did not generally increase across time include
VWA3A (Fig. S-1), which decreased and rebounded, and SERPINALE (Fig. S-1), which fell
below detection coincident with the arrival of SERPINB1A (Fig. S-1). Other proteins with
known immunologic roles and proteins related to blood and iron were also among these
significant changes (Fig. S-2, Fig. S-3). Oxidative stress can lead to innate immune response
via damage-associated molecular pattern signaling 31 32 and may underlie bladder outlet
obstruction in this model. Oxidative stress and inflammation have long been associated with
LUTS and prostate disease 33 34, but the role of steroid hormones in these processes remains
to be explored. Of note, the source of protein changes observed in urine is often unclear and
could include systemic circulation, prostatic secretions, kidneys, and bladder 3. Tissue-
specific genetic manipulation 36, tissue-specific proteins, or orthogonal tissue analyses can
help shed light on the origin of urine protein changes.

Prostate Proteomics — Site of Bladder Occlusion

The prostate is an important contributor to LUTS in patients and was spatially implicated in
bladder outlet obstruction here via uCT. Prostate proteomics identified 3849 proteins and
115 were significantly modulated with hormone treatment (7= 8 treated vs n=7 control;
Student’s #test, permutation-based FDR = 0.15) (Fig. 4, Tables S-2 and S-3). Gene ontology
analysis identified significantly overrepresented processes consistent with those observed in
urine: oxidative stress response, hydrogen peroxide (H>O5) metabolism, and nucleobase
salvage (Hypergeometric test with B & H FDR, a = 0.05) (Fig. 4). Other processes with
potential relevance in LUTS include neural development and mitogen-activated protein
kinase activity. Some processes appear to be hormone-relevant, but the connection to
prostate disease is unclear: male courtship and mating behavior, mating plug formation,
among others (Fig. 4, Fig. S-5). Future tissue proteomics efforts focusing on the prostatic
urethra, perhaps using laser capture microdissection and multiple time points, could further
describe the molecular consequences of hormone treatment in this model.

Putative Urinary Biomarkers of Prostate Disease

One hundred ninety-eight proteins identified in prostate tissue were also found in urine (Fig.
5). Thirty-four of these changed significantly in prostate and 15 displayed significant
modulation in both prostate tissue and urine — making these potential urinary biomarkers of
hormone treatment in the prostate (Table 1). Several putative biomarkers displayed strong
fidelity with respect to the direction and magnitude of changes in prostate and urine (Table
1). Apparent discrepancies may relate to the timing of sampling with this study design,
where significant differences could exist between any of 4 points across 8 weeks in urine,
but just the 8-week time point in prostate tissues. Future studies at earlier time points in
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prostate could clarify these tissue-level temporal changes. Other proteins of potential interest
include PSCA, PIGR, and CTSB, as these were significantly modulated in prostate tissue,
and had p-values < 0.15 in urine, but did not reach significance at p=0.05 (RM-ANOVA)
(Tables S-1 and S-3).

Taken together, these data suggest oxidative stress leading to innate immune response may
underlie hormone-induced bladder outlet obstruction in this mouse model. These findings
are consistent with known BPH/LUTS disease processes in humans and with previous
mechanistic reports regarding the effects of hormones on the prostate in murine models. A
previous urinary proteomics analysis comparing patients with LUTS to age-matched
controls identified significantly overrepresented processes related to the acute inflammatory
and innate immune responses 10 (Fig. S-6). Others have also shown associations between
oxidative stress and inflammation and BPH/LUTS 33 34 Additionally, prior reports suggest
estrogen is pro-inflammatory in the prostate: both exogenous E; in rats 3738 and increased
endogenous E; in mice 39, Furthermore, co-administration with an antioxidant can prevent
hormone-induced prostatic inflammation in the rat 4C. Interestingly, the pro-inflammatory
effects of E, may be abrogated by the 12-week time point 41, Future work will explore the
mechanism of hormone-induced inflammation and potential interventions (e.g. selective
estrogen receptor modulators and antagonists).

Proteome coverage here was sufficient to identify significantly modulated proteins in both
urine and prostate tissue, including coinciding proteins that represent interesting biological
processes with precedence in the human disease (e.g. oxidative stress and inflammation).
However, upstream separation strategies would likely increase the depth of proteome
coverage, particularly for proteins of low abundance in urine. Mouse urine contains several
classes of high-abundance proteins, which were observed in the present study (e.g. major
urinary proteins (MUPS)), and can serve to suppress ionization or bias data-dependent
acquisitions against low-abundance peptides 3°. Examples of strategies that could improve
urine proteome coverage include extensive sample prefractionation 42 and two-dimensional
chromatography techniques 43. Additionally, future research focused on the translational
aspect of hormone-related LUTS (e.g. stratification of BPH/LUTS for personalized
medicine) will require carefully recruited patient groups, ideally with matched biopsy-
biofluid samples.

CONCLUSION

Hormone treatment leads to bladder outlet obstruction in this mouse model and the prostate
is a likely contributor, but the molecular consequences were largely unknown. This
spatiotemporal proteomics study demonstrates that hormone treatment leads to a number of
protein-level changes within the mouse prostate related to known BPH/LUTS disease
processes, such as oxidative stress defense and the innate immune response. Furthermore,
many of these tissue-level proteomic changes coincide in urine and can be noninvasively
monitored there across time. Future research into therapies targeting these processes (¢e.g.
antioxidants and anti-inflammatories) or upstream hormone signaling (e.g. selective estrogen
receptor modulators) in BPH/LUTS appears promising. Additionally, this study supports the
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concept of noninvasive urine biomarkers of prostatic disease, which could allow patient
stratification and personalized medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Experimental design and spatiotemporal proteomics workflow. Urine samples were collected
from hormone-treated mice at 4 time points: before treatment and across the development of
hormone-induced bladder outlet obstruction. Bladder (Bldr) outlet obstruction was apparent

by the week 4 time point via uCT imaging and marked bladder enlargement was observed at

8 weeks (control pseudocolored purple). Bladder and prostate masses at 8 weeks were
significantly increased due to hormone treatment (*Student’s #test p < 0.05). Prostate

tissues were collected from hormone-treated (/7= 8) and control (n7=7) mice after week 8
urine collection. All urine and prostate tissue samples were analyzed for global proteomics

with relative quantification via nanoUPLC-Q-Orbi.
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Figure 2.
Urine protein changes in hormone-treated mice across the development of bladder outlet

obstruction. Heatmap of the relative protein abundance of 338 total urine protein
identifications across 4 treatment time points (/7= 8 mice); 120 of these were significantly
modulated (7= 8; RM-ANOVA, Tukey’s post-hoc test, a = 0.05).
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A subset of significantly modulated urine proteins are related to the oxidative stress
response; protein relative abundance (LFQ iBAQ) across 4 time points of disease
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progression. Distinct letters denote groups with significant differences (7= 8; RM-ANOVA,

Tukey’s post-hoc test, a = 0.05).
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Figure 4.
Prostate tissue proteomics of hormone-treated (r7=8) vscontrol mice (7= 7). A: Volcano

plot of 3849 total prostate proteins, 115 of which were significantly modulated (Student’s #
test p< 0.05 and FDR = 0.15). B: Significantly enriched biological processes among these
modulated proteins include the oxidative stress response, metabolism of hydrogen peroxide
(H,0,), among others (Hypergeometric test with Benjamini & Hochberg FDR correction;
Cytoscape BiNGO tool).
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Figure5.
Comparison of prostate and urine proteomics results for putative urinary biomarkers of

hormone-induced bladder outlet obstruction. Of 3849 total prostate proteins identified, 115
were significantly modulated with hormone treatment (Student’s #test p < 0.05 and FDR =
0.15). Thirty-four of these proteins that were significantly modulated in prostate tissue
coincided in urine and 15 of 34 were significantly modulated in both prostate and urine
(RM-ANOVA with Tukey’s post-hoc), making these putative urinary biomarkers of
hormone-induced bladder outlet obstruction (see Table 1).
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Putative urinary biomarkers of hormone treatment in the prostate; urine changes determined via RM-ANOVA
with Tukey’s post-hoc test, prostate changes determined via Student’s #test with permutation-based FDR =

0.15.
Prostate changes Urine changes
Entry Protein name Genename week 8 est. change between the significant refer to:
treated:control time points
P70269 Cathepsin E Ctse >10 down ~3x at week 8 Fig. S-1
P20060 Beta-hexosaminidase subunit beta ~ Hexb 44 up ~2x at week 8 Table S-1
P46412 Glutathione peroxidase 3 Gpx3 4.1 up, detectable after week 0 Fig. 3
P23953 Carboxylesterase 1C Ceslc 3.4 up >10x at week 8 Fig. S-1
P09036  Serine protease inhibitor Kazal- Spink1 3.3 up ~4x after week 0 Fig. S-1
type 1
Q91XE4  N-acyl-aromatic-L-amino acid Acy3 31 up, detectable at week 8 Fig. S-1
amidohydrolase
P21614  Vitamin D-binding protein Ge 3.0 up ~5x at week 8 Table S-1
P97449 Aminopeptidase N Anpep 2.9 up ~8x at weeks 4 and 8 Fig. S-3
Q8CIF4  Biotinidase Btd 2.6 up >10x at weeks 2 and 8 Table S-1
Q60928  Glutathione hydrolase 1 Gyt 23 up >10x after week 0 Fig. 3
proenzyme
P70699 Lysosomal alpha-glucosidase Gaa 23 up ~6x at week 4 Table S-1
P07724 Serum albumin Alb 2.0 up ~3x at weeks 4 and 8 Fig. S-2
P00920 Carbonic anhydrase 2 caz 0.3 down >10x at week 8 Table S-1
Q00898  Alpha-1-antitrypsin 1-5 Serpinale 0.2 down, not detected after week 0 Fig. S-1
Q9D154  Leukocyte elastase inhibitor A Serpinbla 0.2 up; detectable after week 8 Fig. S-1
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