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Abstract

Priapism is a disorder in which prolonged penile erection persists uncontrollably, potentially
leading to tissue damage. Priapism commonly afflicts patient populations with severely low nitric
oxide (NO) bioavailability. As NO is a primary mediator of erection, the molecular mechanisms
involved in priapism pathophysiology associated with low NO bioavailability are not well
understood. The objective of this study was to identify dysregulated molecular targets and
signaling pathways in penile tissue of a mouse model of low NO bioavailability that have potential
relevance to priapism. Neuronal + endothelial NO synthase double knockout mice (NOS1/377)
were used as a model of low NO bioavailability. Priapic-like activity was demonstrated in the
NOS1/37/~ mice relative to wild type (WT) mice by measurement of prolonged erections
following cessation of electrical stimulation of the cavernous nerve. Penile tissue was processed
and analyzed by reversed-phase liquid chromatography tandem mass spectrometry. 1279 total
proteins were identified and quantified by spectral counting, 46 of which were downregulated and
110 of which were upregulated in NOS1/37~ vs. WT (P<0.05). Ingenuity Pathway Analysis of
differentially expressed proteins revealed increased protein kinase A and G-protein coupled
receptor signaling in NOS1/37/~ penis which represent potential mechanisms contributing to
priapism secondary to low NO bioavailability.
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INTRODUCTION

Priapism is an erectile disorder in which penile erection persists undesirably and
uncontrollably without sexual purpose.! Episodes of priapism can be extremely painful and
result in a medical emergency. On a psychological level, priapism can result in anxiety,
avoidance of social situations, embarrassment, and can adversely affect sexual relationships.
2 Frequent episodes during the night can result in sleep deprivation, ultimately impacting
work or scholastic performance.? On a physiologic level, priapism can result in progressive
penile fibrosis and endothelial and smooth muscle cell necrosis in the corpus cavernosum,
ultimately resulting in erectile dysfunction.3 Extreme episodes of priapism can even result in
penile gangrene, although this is a rare occurrence.*

The origin of priapism is often identified as idiopathic in nature, although it is known to be
caused by multiple factors, including but not limited to: neurologic disorders such as spinal
cord injury or autonomic neuropathy, pelvic neoplasms, toxins from scorpion stings or
spider bites, recreational abuse of phosphodiesterase type 5 (PDE5) inhibitors, marijuana, or
cocaine, or as undesired side effects of anticoagulants, antidepressants, antihypertensive or
antianxiety agents.> However, the disorder is commonly manifest in individuals with low
nitric oxide (NO) bioavailability, such as those with glucose-6-phosphate dehydrogenase
(G6PD) deficiency, p-thalassemia, and sickle cell disease (SCD), but also men with Fabry
disease to a lesser extent.3:6-10 |t js estimated that SCD afflicts 20-25 million individuals
worldwide.3 Observational studies suggest that the probability of a man with SCD suffering
from priapism in his lifetime is between 35 and 42 percent!1.12; however, these numbers are
thought to be a gross underrepresentation of the true prevalence.313 G6PD deficiency is
estimated to afflict over 400 million people worldwide#15, although the prevalence for
priapism among these individuals is unknown. The pathogenesis and molecular determinants
of priapism in disease states associated with low NO bioavailability is not fully understood.
Furthermore, current therapies are largely reactive in the face of an acute event and hence
non-preventative, resulting in frequent readmission of priapism patients to hospital
emergency departments.16:17 This reflects a limited understanding of the science of priapism
from which to formulate effective interventions.3
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NO has been thoroughly characterized as a major mediator of penile erection.1819 Because
causally linking NOS-deficiency to priapism is counterintuitive, molecular mechanisms by
which NOS-deficiency produces priapism are equally obscure. NO has a vasodilatory role
through stimulation of soluble guanylate cyclase and ultimately protein kinase G.2°
However, NO is known to control cellular signaling and transcriptional regulation
independently of its vasodilatory role.21:22 Thus, given the versatile roles of NO, it is
plausible that NO-deficiency may contribute to priapism in a number of possible ways that
have not previously been explored.

The utilization of proteomics to gain systemic molecular insight into physiology and disease
pathology has gained traction as the technology has advanced. In particular, recent
improvements in mass spectrometry sensitivity and accuracy have yielded the ability to
identify thousands of proteins in tissue samples of mixed cell type composition.23
Furthermore, improvements in bioinformatics approaches have greatly aided in the
interpretation and application of these large data sets. In particular, Ingenuity Pathway
Analysis (IPA) software can predict pathway activation or inhibition based on protein
expression patterns, determined by causal relationships reported in the scientific literature.24
The purpose of this study was to identify dysregulated molecular targets and signaling
pathways in penile tissue of a mouse model of low NO bioavailability that have potential
relevance to priapism.

EXPERIMENTAL PROCEDURES

Animals

Adult (9-12 month) male double mutant neuronal NOS and endothelial NOS knockout mice
(NOS1/37/7) were used as a model of low NO bioavailability. The NOS1/3~/~ mice were
originally developed on a mixed sv129 and C57BI/6 background and backcrossed for greater
than 12 generations on a C57BI/6 background.2>26 Age-matched male C57BI/6 mice were
obtained from Jackson Laboratories (Bar Harbor, ME) to serve as the wild type control.
Animals were housed in a pathogen-free, temperature controlled facility with ad /ibitum
access to standard rodent chow and drinking water. All experimental procedures were
conducted in accordance with the ethical standards of the Johns Hopkins University School
of Medicine Guidelines for the Care and Use of Laboratory Animals and approved by the
Institutional Animal Care and Use Committee.

Measurement of Intracavernosal Pressure/Mean Arterial Pressure

Mice were anesthetized with an intraperitoneal injection of 90 mg/kg ketamine and 10
mg/kg xylazine, and supplemented with an intramuscular injection as needed. The left
carotid artery was cannulated with polyethylene (PE) tubing filled with 100 U/ml of
heparinized saline connected to a pressure transducer allowing for continuous measurement
of mean arterial pressure (MAP) with LabChart7 software (ADInstruments, Sydney,
Australia). The shaft of the penis was freed of skin and fascia and the right crus was exposed
by removing part of the ischiocavernous muscle. A 30-gauge needle connected to PE tubing
and filled with 100 U/ml of heparinized saline was inserted into the crus and connected to a
pressure transducer, allowing for continuous measurement of intracavernosal pressure (ICP).
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The bladder and prostate were exposed through a midline abdominal incision. The right
major pelvic ganglion and cavernous nerve were identified posterolateral to the prostate and
an electrical stimulator with a platinum bipolar hook was placed around the cavernous nerve.
The cavernous nerve was stimulated with a square pulse stimulator (Grass Instruments,
Quincy, MA) for 60 seconds at 0.5, 1, 2, and 4 volts, with five minutes passing between each
stimulation period to allow for detumescence and measurement of the post-cavernous nerve
stimulated (Post-CNS) erectile response. Erectile function was assessed by the peak
ICP/MAP ratio and the area under the curve (AUC) of the ICP pressure tracing during
stimulation normalized to MAP (AUC/MAP). Priapic-like activity was assessed by the peak
ICP/MAP, AUC/MAP, and erection duration during the first four minutes PostCNS. Erection
duration was defined as the amount of time in which ICP was greater than 2 times the
baseline ICP, as described previously.2’

Proteomic Analysis of Penile Tissue

Penile tissue was obtained from a separate group of mice that did not undergo nerve
stimulation. Penile tissue was exposed by freeing the tissue of skin and fascia. Mice were
sacrificed and penile tissue from the base to the proximal glans was immediately harvested,
snap frozen in liquid nitrogen, and stored at —80°C until processing. Penile tissue was
processed as described recently in cardiac tissue.28 Briefly, tissue was pulverized in liquid
nitrogen and solubilized using a motor driven pestle and glass mortar in 8 M urea, 2 M
thiourea, 4% CHAPS, and 1% dithiothreitol. The homogenate was centrifuged at 16,000
rpm for 20 minutes. The supernatant was separated, and protein concentrations were
determined with CB-X assay kit (G-Biosciences, St. Louis, MO). 100 ug of protein was
reduced, alkylated, and digested with trypsin utilizing a FASP protein digest kit (Expedeon,
Cambridge, United Kingdom). Peptides were desalted with an Oasis HLB 96-well plate
(Waters, Milford, MA). 2 ug of peptides were analyzed using label-free quantification by
reversed-phase liquid chromatography tandem mass spectrometry (RPLC-MS/MS) online
with an Orbitrap Elite mass spectrometer (Thermo Scientific, Waltham, MA) coupled to an
Easy-nLC 1000 system (Thermo Scientific). Peptides were concentrated on a C18 trap
column (Acclaim PepMap 100) in 0.1% aqueous formic acid, then subsequently separated
on a C18 analytical column using a linear solvent gradient from 5-35% over 155 minutes, as
described.28 The analysis was operated in a data-dependent mode with full scan MS spectra
acquired in the Orbitrap analyzer at a 60,000 resolution, followed by MS2 acquisition of the
top 10 ions in the ion trap.

Database Searching and Processing

All raw data from the Orbitrap Elite were converted to mzXML format using Msconvert
from ProteoWizard for peaklist generation.29 All MS/MS samples were analyzed using
Sorcerer 2™-SEQUEST® algorithm (Sage-N Research, Milpitas, CA, USA) searched
against the concatenated target/decoy Mouse Uniprot 2016 database.3931 The search settings
included trypsin as the digestion enzyme, parent ion tolerance of 50 PPM and fragment ion
tolerance of 1 Da, Carbamidomethy! of cysteine as a fixed modification and oxidation of
methionine as a variable modification. The post-search analysis was performed using
Scaffold 4 (Proteome Software, Inc., Portland, OR, USA) with protein and peptide
probability thresholds set to 95% and 90%, respectively, and minimum two peptides
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required for identification.32 Proteins that contained similar peptides and could not be
differentiated based on MS/MS analysis alone were grouped to satisfy the principles of
parsimony. Proteins sharing significant peptide evidence were grouped into clusters based on
the following rules: 1) For two proteins to be clustered, the sum of the probabilities of their
shared peptides must be at least 95%. 2) The proteins must share at least 50% of their
evidence. This is determined by summing the probabilities of the shared peptides and
comparing this value with the summed probabilities of all of the peptides for each individual
protein. If the sum of the probabilities of the shared peptides is greater than or equal to half
of the sum of the peptide probabilities for either of the individual proteins, a cluster is
formed. 3) A protein may be included in an existing cluster if it meets the above criteria with
a member protein of the cluster. They are by default represented by the protein that shows
the highest associated probability. Relative protein quantification was obtained from MS
data using spectral counting.33:34 The entire complement of proteins that were statistically
significantly different (P < 0.05) between WT and NOS1/3~/~ samples were uploaded into
Ingenuity Pathway Analysis software (QIAGEN, Redwood City, CA) and analyzed for
altered regulation of protein interaction networks and functional signaling pathways. Only
proteins in which spectral counts were detected for at least half of the replicate samples in a
given group were considered for statistical analysis. Statistical significance of the alterations
of the networks and pathways was determined by IPA (P < 0.05). Of those networks and
pathways determined to be significantly different, the molecular activity predictor (MAP)
tool within IPA (Fall 2016 release) was utilized to predict activation or inhibition of proteins
within networks and known biologic canonical pathways identified to be potentially relevant
to smooth muscle tone regulation, blood flow regulation, or priapism pathogenesis. Proteins
were analyzed by Software Tool for Rapid Annotation of Proteins (STRAP, Boston
University School of Medicine, Boston, MA) for biological process and cellular
compartment ontologies. The MS/MS proteomics data have been deposited to the
ProteomeXchange Consortium (http://www.proteomexchange.org) via the PRIDE partner
repository3® with the dataset identifier PXD007713 and 10.6019/PXD007713.

Immunoblotting Analysis

Penile tissue was obtained from a separate group of mice that did not undergo nerve
stimulation. Penile tissue was exposed by freeing the tissue of skin and fascia. Mice were
sacrificed and penile tissue from the base to the proximal glans was immediately harvested,
snap frozen in liquid nitrogen, and stored at —80°C until processing. Tissue was
homogenized in 10 pl/mg radioimmunoprecipitation assay buffer (Cell Signaling
Technologies, Danvers, MA) with 1 mM PMSF on ice with a VirTishear tissue grinder
(Virtis Company, Gardiner, NY). Homogenate was centrifuged at 16,000 x g for 30 min, and
the soluble protein concentration was determined by the bicinchoninic acid assay
(ThermoFisher Scientific). Proteins were resolved on 4-20% or 10% Tris gels (Bio-Rad),
transferred to nitrocellulose membranes, and probed overnight at 4°C with anti-MLC2
(#3672), anti-MYPTL (#2634), or anti-phospho-VASP Ser157 (#84519) primary antibodies
(Cell Signaling Technologies), and then a horseradish peroxidase conjugated anti-rabbit
secondary antibody (#NA934, GE Healthcare, Little Chalfont, United Kingdom). Reactive
bands were detected by electrochemiluminescence and quantified by densitometry with
ImageJ software. The phospho-VASP membrane was stripped and reprobed for VASP
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(#3132, Cell Signaling Technologies). All membranes were stripped and reprobed with an
anti-B-actin primary antibody (#A5316, Sigma Aldrich) to serve as a loading control.

Data and Statistical Analysis

Genotype differences in erectile function were determined by two-way repeated measures
ANOVA with Sidak’s multiple comparisons post-hoc testing. Differences in spectral counts
or densitometry were determined by Student’s t-test or Mann-Whitney non-parametric
testing where appropriate. An a-level of 0.05 was used to determine significance in all
instances.

RESULTS AND DISCUSSION

Erectile Response to Cavernous Nerve Stimulation

Representative pressure tracings of ICP and carotid arterial pressure at baseline, during 0.5
V of cavernous nerve stimulation, and post-stimulation are presented for WT mice (Fig. 1A)
and NOS1/3~/~ mice (Fig. 1B). There were no differences between groups in cavernous
nerve stimulated erectile function as assessed by peak ICP/MAP during stimulation (Fig.
1C) or the area under the curve (AUC) of the ICP tracing during stimulation (Fig. S-1A).
However, priapic-like activity was evident in the NOS1/3™/~ mice by observing the
undulation of ICP Post-CNS. Post-CNS erections were prevalent following all levels of
nerve stimulation in NOS1/3~/~ mice (Fig. 1D). In addition, the peak ICP/MAP value that
occurred after 30 seconds of detumescence was approximately 4-fold higher in NOS1/37/~
mice compared to WT mice (Fig. S-1B). The post-CNS AUC/MAP was higher in
NOS1/37/~ mice following 1 and 4 volts of CNS (Fig. S-1C). However, the undulating
nature of the ICP tracings post-CNS in the NOS1/3™~ mice introduces significant variability
into the AUC measurements and also indicates that the Post-CNS priapic response is not
necessarily stimulation dose-dependent.

Taken together, these data demonstrate uncontrolled erections following nerve stimulation,
consistent with a priapism phenotype in the NOS1/3™/~ mice. These results are consistent
with previous studies utilizing various NOS knockout mice2® or transgenic sickle cell
disease mice36:37 by our lab and others. This finding lays the groundwork for investigating
the mechanisms by which NOS-deficiency specifically leads to priapism. As NOS-
deficiency has been proposed as an underlying mechanism of priapism in a variety of patient
populations,36-10 insights into molecular alterations in NOS-deficient penile tissue are of
immediate clinical relevance. Furthermore, randomized controlled trials targeting the NO
pathway via PDES5 inhibition are underway,38 and pharmacologic therapy involving either
direct or indirect NO donation has recently been proposed to treat sickle cell disease patients
suffering from priapism.39:40

Protein Quantification by Mass Spectrometry

A total of 1279 proteins were identified from peptides extracted from mouse penile tissue by
mass spectrometry (Table S-1). Peptides were quantified by spectral counts, with total
spectral counts for each sample, as well as fold-changes and p-values for group differences
presented in Supplemental Table S-1. Detailed characteristics of all peptides observed by
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mass spectrometry are presented in Supplemental Table S-2. There was a strong tendency
for upregulation over downregulation of proteins as a result of NOS-deficiency (110
upregulated vs. 46 downregulated). Of these proteins that were differentially expressed in
the NOS-deficient penis, the majority functioned in cellular regulation and processes (Fig.
2A) and were primarily localized to the extracellular space and cytoplasm (Fig. 2B),
although NOS-deficiency extends to all cellular compartments to some degree.

Augmented PKA signaling in NO-Deficient Priapism

One cytoplasmic kinase identified to be upregulated in NOS1/3~/~ penile tissue was protein
kinase A (PKA). Adenosine is a pleiotrophic signaling molecule that targets G-protein
coupled receptors, which themselves couple to adenylyl cyclase to stimulate intracellular
cAMP accumulation.*! PKA is the primary receptor for CAMP, mediating its effects through
phosphorylation of a variety of downstream targets primarily in the cytoplasmic and nuclear
compartments.#! These targets and their IPA predicted activation/deactivation in the
NOS1/37/~ penis are illustrated in figure S-2. Adenosine metabolism appears to be
dysregulated in the NOS1/3~/~ penis. Purine nucleoside phosphorylase was found to be
downregulated by mass spectrometry, resulting in a predicted decrement in adenosine
catabolism (Fig. S-3). On the contrary, adenosine kinase was found to be upregulated by
mass spectrometry (Table S-1), which could potentially result in enhanced adenosine cycling
to AMP.42 The erectogenic potential of adenosine has been known since the early 1990°s
when intracavernous injection of adenosine was found to induce a dose-dependent increase
in ICP in dogs.#3 However, excessive adenosine concentrations were implicated as a
potential cause of priapic-like activity when adenosine deaminase deficient mice displayed
spontaneous erections.** Adenosine can be particularly harmful for SCD patients.*
Adenosine is known to promote oxygen release from hemoglobin, which in the SCD patient
promotes polymerization leading to sickled erythrocytes and ensuing hemolysis.*6
Hemolysis and resultant congestion of blood within the corpora cavernosa has been
proposed as a potential cause of SCD associated priapism,*’ while it has recently been
demonstrated that SCD bone marrow transplant to control WT mice causes priapic-like
activity.48 This model of subacute hemolysis demonstrated diminished penile NOS activity,
underscoring the role of diminished NO signaling in this disease state.*® However, the
priapism phenotype in the NOS1/37~ model of NOS-deficiency utilized in the present study
is not the result of hemolysis or sickled erythrocytes. The results of the present study suggest
PKA activation secondary to NO-deficiency, which may be of particular relevance to the
SCD associated priapism; whereby there is potential for NO-deficiency to increase
adenosine concentrations, adenosine to promote polymerization and hemolysis, which could
drive further depletion of NO availability.

In addition to the increased spectral counts of the catalytic subunit of PKA (Table S-1),
NOS1/37/~ penile tissue demonstrated an increase in VASP phosphorylation at Ser157
relative to unphosphorylated VASP (Fig. 3; p = 0.038). Phosphorylation at Ser157 induces
an electrophoretic mobility shift of VASP from 46 to 50 kDa, allowing unphosphorylated
VASP to be detected with this antibody at the 46 kDa band.*® Ser157 of VASP is a primary
target for PKA, thus the p-VASPSerl57-to-unphosphorylated-VASP ratio is a well
recognized index of PKA activity. IPA further implicates PKA involvement in three
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interactive protein networks dysregulated in NOS1/37/~ penile tissue (Figs. 4, S-4, S-5). The
network depicted in Fig. 4 is suggestive of aberrant cell signaling, with projected increased
activities of several major cell signaling kinases and increased G protein contents. Increased
content of PKA catalytic subunit beta (PRKACB) was projected to activate cyclic AMP-
responsive element-binding protein (Creb), which influences several cell signaling
pathways. This network also consisted of projections for other major signaling kinases,
predicting increased activities of phosphoinositide 3-kinase (P13K), and mitogen-activated
protein kinase (MAPK), P38 MAPK, and MAPK kinase (Mek). To our knowledge, none of
these kinases have previously been implicated in priapism pathophysiology, but are potential
targets for future investigation. Increased spectral counts for monoamine oxidase A (MAOA)
were observed in NOS1/37/~ penile tissue and implicated in the network depicted in Fig 4,
which may stem from the increased PKA and PI13K activity. MAOA is a flavoprotein
localized to the outer mitochondrial membrane that is an enzymatic source of reactive
oxygen species in the mitochondrial matrix and cytosol.>? Increased oxidative stress has
been associated with priapism by several studies.848:51-53 The role of MAOA in the penis
has been previously unexplored; thus, MAOA may represent a previously unidentified
contributor to oxidative stress in priapism. PKA activation is implicated by IPA in a network
of cell regulatory factors (Fig. S-4), suggesting an alteration of protein homeostasis, removal
of damaged proteins, DNA damage repair, apoptosis, and cell cycle progression in NOS-
deficient cavernous tissue. Further, this network predicts an activation of vascular
endothelial growth factor (Vegf), which is a known regulator of erection physiology.>* Vegf
has not previously been implicated in priapism pathophysiology, which remains a potential
area of future investigation.

One of the current leading hypotheses behind the pathogenesis of priapism in SCD is the
activation of opiorphins.® Opiorphins are a family of peptides with potent vasodilatory
effects in corporal smooth muscle.®® The vasodilatory effects of opiorphins may be in part
mediated through their activation of adenosine signaling.56 Opiorphins have been shown to
induce a G-protein coupled receptor-mediated activation of the A2B adenosine receptor in
corporal smooth muscle cells exposed to hypoxic conditions.>8 Further, genes encoding
opiorphin homologues were upregulated in SCD mouse corporal smooth muscle. Neprilysin
(MME), the mouse equivalent of opiorphin, was found to be drastically increased in
NOS1/37/~ penile tissue in the present study (Table S-1, Fig. S-4). Of interest, transfection
of cultured cavernous smooth muscle cells with neprilysin siRNA has been shown to knock
down gene expression of multiple GPCRs.>” These findings implicate NOS-deficiency as a
factor in opiorphin- and adenosine-mediated priapism in SCD. A separate hypothesis is that
shear stress induces ATP release from endothelial cells, which is converted to adenosine.
44,58 The adenosine then signals through the A2B adenosine receptor to activate PI3K and
Akt to phosphorylate eNOS to produce NO that drives sustained erections.**8 Given that
eNOS is knocked out in our mouse model, this mechanism of adenosine action cannot be a
factor in the priapic phenotype, implicating a more prominent role for PKA activation under
NOS-deficient conditions.
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G-Protein Mediated Smooth Muscle Tone Regulation

Enhanced G-protein coupled receptor (GPCR) signaling in NOS1/37/~ tissue may play an
important role in vascular tone regulation. IPA predicted an augmentation in GBy-signaling,
which may provide an upstream signal for PKA activation (Fig 5A). Increases in
intracellular [Ca%*] are important stimuli for contraction of vascular smooth muscle. The
predicted decrement in cellular Ca2* entry through the voltage dependent calcium channel
(VDCC) mediated by Gpy-signaling could spur vasodilation in NOS-deficient cavernous
tissue. Acute NOS-deficiency has been found to augment the blood pressure lowering effects
of VDCC inhibition®® and Rho-kinase inhibition,50 suggesting a heightened sensitivity to
changes in Ca2* levels in the NOS-deficient state, potentially leading to exacerbated
vasodilation in NOS-deficient tissue. However, a-adrenergic mediated G-protein activation
of PLCy and 1P3 may augment Ca2* release from the endoplasmic and sarcoplasmic
reticulum (Fig. 5B), potentially providing a stimulus for vasoconstriction. This constrictor
activity may act to counter the decreased Ca2* influx from VDCC in an attempt to restore
vascular homeostasis, and this push-pull mechanism may be in part responsible for the
undulating nature of the post-CNS ICP in NOS1/37/~ mice (Fig 1B).

These counter regulatory forces could further be mediated by G-protein mediated induction
of the Rho-family GTPases (Fig. 6A). Increased spectral counts were observed for MYPT1,
MLC-3, and MLCK, and indeed we demonstrated increased MYPT1 (p < 0.001) and the
smooth muscle isoform of MLC2 (p = 0.025) in NOS1/3~/~ penile tissue by Western blot
(Fig. 6B). These increases in the contractile machinery may implicate an increased
regulatory requirement in NO-deficient tissue. IPA also predicts a decrement in actin
polymerization in NO-deficient penile tissue. As actin polymerization increases vascular
tone through vasoconstriction independent of MLC phosphorylation,®! decreased actin
polymerization in NOS1/37/~ represents a possible contributor to NOS-deficient priapism.
Furthermore, PKA-mediated VVASP phosphorylation has been shown to inhibit actin
polymerization,52 providing another mechanism by which actin polymerization may be
inhibited in addition to the suppression of cofilin through the Rho-family GTPases as
predicted by IPA.

Smooth Muscle Structural Remodeling

Corporal fibrosis is a prominent feature of erectile dysfunction;53 however, increased
collagen deposition has been observed in penile tissue of priapic mice as well.36.64
Structural remodeling of erectile tissue is a complex process that is regulated by several
pathways. For example, the atherosclerotic process drives collagen deposition in the intima
of arteries and arterioles.5® Atherosclerosis is regulated largely by lipoproteins, of which
apolipoprotein A-11 (APOAZ2), high-density lipoprotein (HDL), and low-density lipoprotein
(LDL) are all decreased in penile tissue of NOS1/3~/~ mice (Table S-1). Furthermore,
transforming growth factor-B (TGF-B) is predicted to be decreased in NOS1/37/~ erectile
tissue (Fig. 7), which is a fibrotic factor that induces collagen la1 (COL1A1) and collagen
Val (COL5A1),% both of which were determined to be decreased in NOS1/3~/~ penile
tissue by mass spectrometry. COL1AL and COL5AL1 are both fibril forming collagens that
intercalate together to provide tensile strength and stiffness to tissue.8” Transforming growth
factor beta-1-induced transcript 1 protein (TGFB1I1) was increased 2-fold in NOS1/37/~

J Proteome Res. Author manuscript; available in PMC 2019 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

La Favor et al.

Page 10

tissue (Table S-1, Fig S-5). TGFB111, also known as hydrogen peroxide-inducible clone 5, is
a focal adhesion protein that is induced under oxidative stress, while the activity and
subcellular localization of TGFB1I11 is regulated by focal adhesion kinase (FAK; Fig 4),68
which itself has been shown to mediate pro-fibrotic signaling.5® Membrane primary amine
oxidase (AOC3) is a cell adhesion protein with monoamine oxidase activity that is increased
in NOS1/37/~ tissue and is involved in this protein network (Fig. 7), which may be a source
of hydrogen peroxide production and ensuing oxidative stress.”9 P38 MAPK is also
predicted to be increased (Fig. 4), which has previously been shown to be activated by the
hypertensive condition of mechanical stretch, which promotes fibrosis in a redox- and FAK-
independent manner.”! Similarly, tensile strain is known to induce collagen Xlla1
(COL12A1),72 which was increased in NOS1/37/~ tissue. COL12A1 binds decorin,
fibromodulin, and cartilage oligomeric matrix protein to form flexible bridges between
neighboring collagen fibrils which may absorb stress upon pressure loading.”3 Collagen
V1a6 (COL6AB) was the most upregulated protein in NOS1/37/~ vs. WT in the mass
spectrometry dataset (Table S-1). COL6A6 and COL6A5 have been found to be drastically
upregulated in fibrotic skeletal muscle of Duchenne’s Muscular Dystrophy patients,
implicating both in extracellular matrix fibrotic remodeling under tensile stress.”# Collagen
XXVIllal (COL28A1) was found to be decreased in NOS1/3™/~ penile tissue, which is
known to be heavily expressed in the basal lamina of Schwann cells in the peripheral
nervous system.”® COL5AL1 is also required for Schwann cell myelination,”® which
combined with the decrement in COL28A1 implicates a decrement in innervation and/or
myelination of the NO-deficient penis. Taken together, this protein network (Fig. 7)
implicates a shift in structure from collagen fibers that provide tensile strength to those that
absorb high amounts of stress/pressure along with a potential nervous system
decompensation in the NOS-deficient penis.

Experimental Considerations

The results of the present study provide ample clues into the response of the penile proteome
to conditions of chronic low NO availability; however, these alterations may be the result of
tissue damage resultant from acute priapic episodes or changes associated with chronic
priapism. Furthermore, we assessed relative changes in protein abundance, which does not
account for potential changes in post-translational modifications which may influence
priapic activity. Accordingly, predictions made by IPA for altered protein networks and
canonical signaling pathways were based on statistically significant differences in spectral
counts between the two groups. It should be noted that the cumulative knowledge base of
IPA is continuously expanding, and thus predictions made by the MAP tool within IPA are
likely to change over time. The inferences herein should thus be viewed with caution.

CONCLUSIONS

Our results expand the pool of candidate proteins that may play a role in NO-deficient
priapism. Because NO is a major physiologic mediator of penile erection, the mechanisms
by which pathologic NO deficiency result in priapism have been perplexing. These proteins
that are differentially expressed may play a direct role in the pathogenesis of priapism, or
may be altered merely as a result of NOS-deficiency, low NO availability, the high-pressure
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conditions of priapism, other physiologic changes associated with priapism, or a
combination of these factors. These analyses of the molecular changes provide
understanding of the compensatory mechanisms through which the penis responds to NO
deficiency to alter molecular signaling, physiology, and organ architecture. Future studies
involving pharmacological or genetic manipulation of these proteins or pathways will be
required to definitively elucidate their roles in NOS-deficient priapism. Nevertheless, several
targets are identified for such future investigations. Furthermore, these data should be
considered in future studies that attempt to alleviate priapism symptoms through restoration
of NO bioavailability.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Assessment of cavernous nerve stimulated erectile function and priapic activity in wild
type and NOS1/37~ mice.

Representative mean arterial pressure (MAP) and intracavernous pressure (ICP) tracings in
response to 0.5 volts of cavernous nerve stimulation in (A) wild type (WT) and (B)
NOS1/37/~ mice. (C) Assessment of erectile function by peak ICP/MAP following voltage
dependent cavernous nerve stimulation. (D) Priapic activity assessed by erection duration
following cavernous nerve stimulation. Data expressed as mean + SEM for n = 7 animals per
group. * P <0.05 vs. WT.
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Fig. 3. Augmented protein kinase A (Pka)-mediated cell signaling in the NOS1/37/~ penis.
Western blot for the Pka downstream target VASP. Phosphorylation of VASP at Serine 157,

the primary Pka directed site, is detected at the 50 kDa band. Unphosphorylated VASP is
detected at the 46 kDa band. Beta-actin served as the loading control. Densitometry of VASP
phosphorylated at Ser157 normalized to unphosphorylated VASP is quantified for n = 8 per
group. * P <0.05 vs. WT.
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Fig. 4. Dysregulated cell signaling in the NOS1/37/~ penis.
IPA for up- and down-regulated proteins in NOS1/3™/~ penis yielded network interactions

involving cell signaling kinases and G proteins. Protein expression determined by spectral
counting is denoted by red (increased) and green (decreased) filled symbols. IPA determined
predictions are denoted by orange (increased) and blue (decreased) filled symbols and
connecting arrows. Solid arrows indicate direct action, hatched arrows indicate indirect
action.
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Fig. 5. Augmented G-protein signaling in the NOS1/37/~ penis.
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Canonical pathways for (A) Gpy signaling and (B) a-adrenergic signaling with activation
predicted by the molecular activity predictor tool within IPA. Increased protein expression
determined by spectral counting is denoted by red filled symbols. IPA determined
predictions are denoted by orange (increased) and blue (decreased) filled symbols and
connecting arrows. Solid arrows indicate direct action, hatched arrows indicate indirect

action.
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Fig. 6. G-protein mediated effects on smooth muscle tone regulation.
(A) Canonical pathway for signaling by Rho family GTPases with activation predicted by

the molecular activity predictor tool within IPA. Protein expression determined by spectral
counting is denoted by red (increased) and green (decreased) filled symbols. IPA determined
predictions are denoted by orange (increased) and blue (decreased) filled symbols and
connecting arrows. (B) Western blot for the smooth muscle tone regulatory proteins MYPT1
and the smooth muscle isoform of MLC2. Beta-actin served as the loading control. Band
densitometry was quantified and normalized to -actin for n = 8 per group. * P < 0.05 vs.
WT.
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Fig. 7. Regulation of structural remodeling factors.
IPA for up- and down-regulated proteins in NOS1/3™/~ penis yielded network interactions

for several regulatory proteins of fibrosis and structural remodeling. Protein expression
determined by spectral counting is denoted by red (increased) and green (decreased) filled
symbols. IPA determined predictions are denoted by orange (increased) and blue (decreased)
filled symbols and connecting arrows. Solid arrows indicate direct action, hatched arrows
indicate indirect action.
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