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Abstract: Bladder outlet obstruction (BOO) leads to lower urinary tract symptoms (LUTS) and urodynamic changes
of the bladder function. Previously we identified microRNA (miRNA) and mRNA expression profiles associated with
different states of BOO-induced LUTD in human patients. Bladder wall remodeling resulting from obstruction is
widely studied in animal models of experimentally-induced partial BOO (pBOO). Here we determined the expression
profiles of miRNAs and selected mRNAs in pBOO mice and compared the observed changes to human patients.
Similar to results from human patients, we observed a down-regulation of smooth muscle-associated miRNAs mmu-
miR-1, mmu-miR-143, mmu-miR-145, mmu-miR-486 and mmu-miR-133a in pBOO mouse bladders. Pro-fibrotic
miRNAs mmu-miR-142-3p and mmu-miR-21 were up-regulated, and anti-fibrotic miRNA mmu-miR-29¢ was down-
regulated. Pathway analysis in human BOO patients identified TNF-alpha as the top upstream regulator. Although
there was evidence of hypertrophic changes in pBOO mice, contrary to human data, we observed no regulation of
TNF-responsive genes in the mouse model. Experimentally-induced pBOO in mice led to significant gene expression
changes, including alteration of pro-fibrotic mMRNAs and miRNAs resembling human BOO patients. Gene expression
changes were also validated in a mouse model of bladder inflammation. Lack of evidence of TNF-alpha-induced
miRNA and mRNA regulation might indicate a different pathophysiological mechanism of organ remodeling in pBOO
model compared to the human disease.
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Introduction

Benign enlargement of the prostate in adult
men leads to bladder outlet obstruction (BOO)
and clinical lower urinary tract symptoms (LU-
TS), including urgency, frequency, nocturia and
urinary retention. Animal models of BOO are
widely used to gain insight into the molecular
processes of organ remodeling since they en-
able precise control over the initiation of obs-
truction. In order to study bladder changes oc-
curring during BOO, partial outlet obstruction
(pBOO) is performed in laboratory animals, in-
cluding mice, rats, rabbits, guinea pigs, dogs,
and pigs (reviewed in [1]). The most common
method to induce pBOO in rodents is by partial

ligation of the proximal urethra [2, 3], that leads
to increased intravesical pressure, compensa-
tory hypertrophy and hyperplasia leading to an
elevated bladder-to-body weight ratio and func-
tional alterations consistent with those obser-
ved in human patients. With sustained obstruc-
tion, ongoing tissue remodeling characterized
by dysregulated collagen deposition and fibro-
sis, as well as alterations in contractile proteins
such as smooth muscle myosin heavy chain
(SM-MHC) isoform leads to bladder decompen-
sation, in which bladder contractility diminish-
es, resulting in loss of function (reviewed in [4]).
Obstruction also causes changes in the bladder
vasculature, including transient ischemia and
hypoxia, and an increase in oxidative stress
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[5-7]. The morphological, molecular and func-
tional changes observed in animal models of
pBOO mirror those seen in bladder tissues from
patients with obstruction-related lower urinary
tract obstruction, demonstrating the validity of
such models for mechanistic interrogation of
the molecular basis of the response to obstru-
ction.

Although the gross morphological and function-
al consequences of pBOO in animal models
and BOO in humans are well characterized, the
epigenetic drivers of such changes are incom-
pletely defined. MicroRNAs have essential bio-
logical functions in development and homeo-
stasis. Dysregulation of miRNAs contributes to
many human diseases [8], including LUTD [9].
MiRNAs have been implicated in bladder path-
ologies including bladder pain syndrome [10,
11], inflammation-induced overactivity [12] and
the response to outlet obstruction in rodents
and humans [13-16]. MiRNAs have also been
shown to regulate specific cellular phenotypes
within the urinary tract, including smooth mus-
cle cell proliferation [17] and regulation of uro-
thelial permeability [11]. The miR-29 family of
miRNAs, known to target extracellular matrix
proteins [18], was found to be downregulated
following outlet obstruction in rodents and hu-
mans [13]. The reduction of miR-29 led to de-
repression and upregulation of multiple ECM-
associated mRNAs, as well as a corresponding
increase in bladder stiffness. Obstruction also
increased expression of the transcriptional reg-
ulators c-Myc, NFKB and Smad3 which in turn
are known to repress miR-29b and miR-29¢
[19, 20], demonstrating the existence of com-
plex feedback relationships between miRNAs
and the mRNAs they target. Integrated analysis
of differentially expressed miRNAs and mRNAs
from human patients with discrete urodynami-
cally defined phenotypes of BOO identified
tumor necrosis factor-alpha (TNF-«) as the top
upstream signaling pathway regulator [14]. It
has been shown that in bladder smooth muscle
cells treated with TNF-&, miRNA miR-199a-5p
was significantly attenuated, leading to a com-
pensatory increase in NFKB signaling activity
[24]. miR-30, a known regulator of the profibrot-
ic molecule CTGF, was also found to be down-
regulated following obstruction [22]. CTGF has
been implicated as a driver of fibrosis in a vari-
ety of organs including the bladder subjected to
either anatomic or functional obstruction [23,
24]. The miR-145 family has also been impli-
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cated in the regulation of smooth muscle phe-
notype (reviewed in [25]). MiRNA-145 is one of
the most highly expressed miRNAs in hollow
organ smooth muscle, and its downregulation
secondary to genetic deletion of the miRNA
processing enzyme Dicer was associated with
altered bladder contractility due in part to
reduced expression of L-type calcium channels
[26], and with diminished remodeling of vascu-
lar smooth muscle in response to injury as a
result of deficits in the actin cytoskeleton and
decreased SMC migration [27]. Together, these
studies demonstrate that in response to injury
many miRNAs in animals and humans are per-
turbed, leading to transcriptional changes that
promote hypertrophy, hyperplasia, fibrosis and
functional deficits.

Recently, we performed quantitative transcrip-
tome and miRNA profiling of different functional
phenotypes of BOO-induced LUTDs in human
patients [14]. Animal models of experimentally-
induced pBOO allow longitudinal studies and
might be better suited for further investigations
of BOO development and detrusor instability
[28]. In this study, we interrogated transcrip-
tional and miRNA changes in the context of
disease progression. Mice were subjected to
pBOO for up to 8 weeks, the expression profiles
of miRNAs and selected mRNAs were deter-
mined, and observed changes were compared
to those in human patients with obstruction.

Materials and methods
Study approval

All animal studies were performed with approv-
al from the Boston Children’s Hospital Animal
Care and Use Committee and with strict adher-
ence to US Public Health Service and Office of
Laboratory Animal Welfare guidelines. Approval
to perform human urodynamics analyses and
bladder biopsies was granted from the local
Ethics Committee, University Hospital Bern,
Bern, Switzerland (KEK 146/05), and all sub-
jects provided written informed consent.

Creation of partial bladder outlet obstruction
(pBOO)

All experiments were performed using 10-to-
12-week-old male mice that were anesthetized
with isoflurane and underwent microsurgical
creation of pBOO essentially as described
recently by us [29]. Briefly, anesthetized mice
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Table 1. Bladder and body weights of sham versus obstructed mice

A. Bladder and body weights of mice subjected to pBOO or sham operation

Condition 2wk Body (g) 2 wk Bladder (g) 4 wk Body (g) 4 wk Bladder (g) 6 wk Body (g) 6 wk Bladder (g)
Sham 24.70 0.0189 26.90 0.0272 27.30 0.0237
26.30 0.0232 29.70 0.0262 30.10 0.0264
pBOO 27.60 0.0536 29.90 0.0399 27.50 0.0299
27.41 0.0268 29.00 0.0318 29.40 0.0366
26.80 0.0586 28.10 0.0346 28.80 0.0527
B. Bladder-to-body weight ratio of mice subjected to pBOO or sham operation
Condition 2 wk Ratio 2 wk Average 4 wk Ratio 4 wk Average 6 wk Ratio 6 wk Average
Sham 7.65E-04 8.24E-04 1.01E-03 9.47E-04 8.68E-04 8.73E-04
8.82E-04 8.82E-04 8.77E-04
pBOO 1.94E-03 1.70E-03 1.33E-03 1.22E-03 1.09E-03 1.39E-03
9.78E-04 1.10E-03 1.24E-03
2.19E-03 1.23E-03 1.83E-03

underwent a 1 cm laparotomy to expose the
bladder and prostate. The prostatic lobes were
bisected in the midline to expose the proximal
urethra and bladder neck. A right-angle instru-
ment was used to isolate the urethra and pass
a 5-0 silk suture behind the urethra approxi-
mately 1 mm inferior to the bladder neck. Po-
lyethylene tubing (PE10) with an outer diameter
of 0.024 inches, was placed was placed peri-
urethrally to prevent complete occlusion of the
urethra. The 5-0 silk suture was then tied down
over the tubing. Once the tubing was removed,
the bladder was manually expressed to ensure
a complete obstruction was not inadvertently
created. The muscle layer was closed with 4-0
monocryl suture, and skin was closed using 9
mm stainless steel clips. Meloxicam was ad-
ministered for 72 h. The sham procedure was
identical except the 5-O silk suture was not
secured around the urethra. Sham surgery and
pBOO was done in wildtype (WT) C57BL/6 mice
and the bladders were harvested for the 1%
study after 2, 4, 6 weeks and for the 2" study
after 2, 4, 6, and 8 weeks after surgery.

Cyclophosphamide model of bladder inflam-
mation

To induce inflammation in the bladder, C57BL/6
mice at 9 wk of age were administered cyclo-
phosphamide (Cyp) at 100 (low dose) or 300
(high dose) pg/g body weight by intraperitoneal
injection. Mice receiving saline vehicle were
included as controls. At 24 or 96 h following
Cyp or vehicle injection, bladders were harvest-
ed, mucosa and detrusor tissues separated by
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microdissection and tissues processed for RNA
or protein isolation, as described below.

Tissue harvest, RNA and protein isolation

Mice were euthanized at the indicated times
following surgery. At the time of sacrifice, total
body weight and bladder mass were recorded.
All tissues used for molecular analysis were
stored in RNAlater or immediately snap-frozen
in liquid nitrogen. Total RNA and protein was
extracted with the mirVana Paris isolation kit
(Applied Biosystems) from whole frozen mice
bladders, which were stored in RNAlater (Am-
bion). For sample disruption, RNAlater was re-
moved, cell disruption buffer was added, and
the tissue was crushed with a motorized rotor-
stator homogenizer. From the homogenized
lysate total RNA and protein was isolated as
described in the manufacturer’s manual. Tis-
sues from cyclophosphamide- or vehicle-treat-
ed mice were snap frozen in liquid nitrogen.
Protein lysates were generated using FastPrep
matrices (MP Biomedical) in lysis buffer (Cell
Signaling Technology) whereas RNA was isolat-
ed following homogenization of tissues using
FastPrep matrices in TRIzol (ThermoFisher),
and purification of RNA using RNeasy columns
(Qiagen). mRNA concentrations were measured
by NanoDrop 2000 (ThermoFisher) and protein
by BCA protein assay (Pierce).

Quantitative RT-PCR

The reverse-transcription reactions were car-
ried out using High-Capacity cDNA Reverse
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Figure 1. miRNA profiling in mouse bladders with pBOO relative to shams.
NanoString nCounter miRNA assays were used to evaluate the expression of
598 mouse miRNAs (full data in Supplementary File). Bladder samples from
the 1%t and 2" pBOO study were used and miRNA expression compared. Ex-
pression profiles of 11 MiRNAs, which were significantly regulated in human
BOO patients’ biopsies, is shown for the 15t study (A) and the 2™ study (B).
MIRNA expression changes between 2 weeks obstruction and sham-oper-
ated mice were not significant. (C) MiRNA expression of the 1%t study from
miRNAs that are significantly (P<0.05) regulated at 2 weeks of obstruction
compared to sham. Only miRNAs with a read number >100, log2>0.51 were
used. Sham-operated mice (n=2/time point), 2 weeks, 4 weeks, 6 weeks
(n=3/group), 8 weeks (n=7). Data are represented as mean + SD. Expres-
sion changes at the later time points were not significant.

Transcription Kit (mRNA). Tag-
Man mouse gene expression
assays were used to study
the mRNA expression. Quan-
titative real-time PCR (qRT-
PCR) was carried out in tri-
plicates using the Quant-
Studio 3 Fast Real-time PCR
System (Applied Biosystems).
Ct values obtained after qRT-
PCR were normalized to 18 s
rRNA. Fold differences com-
pared to the controls (sham-
operated, same time point)
were calculated.

miRNA expression profiling
with NanoString

Expression profiles of 598
mouse mMiRNAs were estab-
lished using NanoString mo-
use MiRNA assays. 300 ng
total RNA was analyzed using
the nCounter Mouse v1.5 mi-
RNA Expression Assay Kit
(GXA-MMIR15-12) (NanoStr-
ing, Seattle, WA, USA) accor-
ding to manufacturer’s ins-
truction. Positive and nega-
tive control subtraction and
normalization of raw data
were performed using “Na-
noStringNorm” and “Nano-
StringDiff” R packages (avai-
lable in CRAN) and expression
profiling was performed using
“EdgeR” from the R statistical
environment (v.3.3.2) as pre-
viously described [30].

Statistical and data analysis

Results were presented as
the mean + standard devia-
tion (SD). The level of signifi-
cance was established at
a=0.05. To determine statis-
tical significance One- and
two-way ANOVA were used by
GraphPad Prism 7 software
(GraphPad). For data display-
ing a non-Gaussian distribu-
tion, the Kruskal-Wallis test
was employed, with signifi-
cance set at 0.05.
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Figure 2. Common miRNAs, changed at 2, 4 and 6 weeks of pBOO, com-
pared to BOO patients. A. Venn diagram of regulated miRNAs (read number
>100, ABS log2>0.51) at 2, 4 and 6 weeks pBOO. B. Six miRNAs, regulated
at all time points in pBOO mice compared with patient’s data. Sham-operat-
ed mice (n=2/time point), 2 weeks, 4 weeks, 6 weeks (n=3/group), 8 weeks
(n=7), BOO (n=18). Data are represented as mean * SD.

Results

Structural changes in the bladder following
pBOO

The bladders of mice with surgically-induced
pBOO showed an increase in bladder size com-
pared to sham-operated mice, that was evident
in the increased bladder-to-body weight ratio
(Table 1). The increase of the bladder-to-body
weight ratio is consistent with studies from our
group and others of bladder obstruction that
demonstrate hypertrophy/hyperplasia within
the bladder wall along with increased deposi-
tion of extracellular matrix (ECM) [3, 23, 29,
31].

Strong dysregulation of miRNAs 2 weeks after
pBOO

To investigate whether the miRNA expression in
obstructed mouse bladders is comparable with
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the previously reported pa-
tients’ study [14], a Nano-
String nCounter miRNA as-
say was performed (Supple-
mentary File). Among the miR-
NAs, which were altered after
2 weeks of pBOO compared
to sham-operated animals in
both studies we chose miR-
NAs known to play a role in
bladder hypertrophy. At 2
week pBOO all miRNAs were
similarly expressed in both
studies, although the data

B 2w pBOO for the 2" study were more
== 4w pBOO gtable. Despite th(.e' increase

in muscle contractility known
B 6w pBOO to occur at 2 weeks following
== BOO pBOO [29], the muscle-spe-

cific miRNA mmu-miR-1 and
mmu-miR-133a were down-
regulated in both studies be-
tween 2 and 8 weeks of ob-
struction. In both studies, as
obstruction progressed, many
of the initially regulated miR-
NAs gradually returned to the
sham levels, including miR-
146a, miR-9 (Figure 1A), from
1%t study and mmu-miR-396,
let-7e, miR-378, miR-21, and
miR-199a-5p (Figure 1B) from
the 2" study. To further con-
firm these results, in the first
study we selected 9 miRNAs,
significantly up- or down-regulated at 2 weeks
pBOO and followed their expression levels at
the later time points (4 and 6 weeks of pBOO).
In the majority of cases, the expression levels
returned to control values, or became regulat-
ed in the opposite direction as obstruction pro-
gressed (Figure 1C). MiR-133a, -1, -486 and
-let-7e retained their regulation, however, in all
cases there was a significant reduction of the
fold change values, indicating the trend towards
weakening of alterations (Figure 1C).

Common miRNAs regulated at 2, 4 and 6
weeks of pBOO and in BOO patients

Of all miRNAs, regulated in the 2" study, six
were shared between 2-, 4- and 6-week time
points (Figure 2A), so we investigated whether
they were regulated in all BOO patients, irre-
spective of their contractile phenotype. We
determined the levels of these miRNAs in BOO

Am J Clin Exp Urol 2018;6(6):219-233
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Figure 3. Regulation of miRNAs, relevant for bladder remodeling during pBOO and BOO. Regulation of selected miR-
NAs in pBOO mouse bladders (1%t and 2™ study) was compared to the patients with BOO-induced LUTDs BOO. MiR-
NAs were chosen based on their role in bladder remodeling and hypertrophy. Sham-operated mice (n=2/time point),
2 weeks, 4 weeks, 6 weeks (n=3/group), 8 weeks (n=7), human BOO (n=18). Data are represented as mean + SD,
and expressed compared to 2 week pBOO time point. "P<0.05, “P<0.01, ~**P<0.0001. P>0.5 is not significant.

patients using the NGS miRNA data (n=18
patients vs n=6 controls) [14]. MiR-378 and
miR-133a were down-regulated in all time-
points of pBOO and in humans. MiR-193b, and
miR-376a were up-regulated at 2 and 4 weeks
pBOO and down-regulated at 6 weeks pBOO
and in humans, while miR-144 was up-regulat-
ed at 4 week pBOO and in humans, and down-
regulated at 2 and 6 weeks pBOO. Mmu-miR-
720 was not expressed in humans (Figure 2B).
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Regulation of important human miRNA ortho-
logues in pBOO animal models

We investigated the levels mouse orthologues
of several miRNA, significantly altered in hu-
man patients, in pBOO animals in both studies
(Figure 3). Similar to results from human pati-
ents, we observed a down-regulation of smoo-
th muscle-associated miRNAs miR-1, and miR-
133ain pBOO mouse bladders (Figure 3, green

Am J Clin Exp Urol 2018;6(6):219-233
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Figure 4. Gene expression of important pathway signaling elements in pBOO mice and humans with BOO. qRT-PCR
was carried out to study the mRNA expression of 11 genes in 1% and 2™ study compared to human BOO data.
Sham-operated mice (n=2/time-point), 2 weeks, 4 weeks, 6 weeks (n=3/group), 8 weeks (n=7), BOO (n=18). Data
are represented as mean + SD, and expressed relative to human BOO, read number >100, “P<0.05, ""P<0.01,

“P<0.001, “**P<0.0001. P>0.5 is not significant.

frame). The muscle-associated miRNAs miR-
143 and miR-145 were down-regulated just in
2 weeks of obstruction and miR-486 was
reduced in mice but enhanced in patients. The
anti-fibrotic miRNA miR-29¢ was down-regulat-
ed at 2 weeks of pBOO, and significantly so in
BOO patients (Figure 3, purple frame). The pro-
fibrotic miRNAs miR-142-3p and miR-21 (Figure
3, red frame) were up-regulated at 2 weeks in
both studies, and variably at later time points
(weeks 6 and/or 8). Interestingly, pro-inflamma-
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tory NFkB-induced miR-155, stably enhanced
in humans, showed an inconsistent and some-
times bi-phasic expression pattern in pBOO
mice. MiR-30c and -26b and the other tested
miRNAs showed similar expression patterns
between mice and humans (Figure 3).

Expression changes of important pathway ele-
ments in pBOO mice and human patients

Pathway analysis of the transcriptome data
from human patients with BOO-induced LUTDs

Am J Clin Exp Urol 2018;6(6):219-233
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Table 2. Bladder and body weights of mice subjected to cyclophos-

phamide or vehicle treatment

2" study; but down-regulat-
ed at the other time points

A. Bladder and body weights of mice subjected to Cyp or Veh treatment

and in humans (Figure 4,

Condition 24 h Body (g)

24 h Bladder (g) 96 h Body (g) 96 h Bladder (g)

green frame). Importantly,

Veh 28.7 0.027 29.2
28.6 0.028 27.3
28.3 0.025 26.7
27.7 0.020 29.7
Cyp-low 26.1 0.0191 27.0
26.8 0.0192 27.9
26.5 0.0195 28.5
26.8 0.0168 25.6
Cyp-high 27.5 0.023 27.5
24.2 0.047 24.2
26.2 0.030 26.2
26.4 0.035 26.4

contrary to human data,

0.022

0.022 we observed no regulation

0.023 of TNF-a responsive genes
’ NFkB2, PIK3R5, PTGS2 and

0.023 TNFAIP3 in the mouse mo-

0.020 del (Figure 4, red frame).

0.021

0.021 Selective upregulation of

0.017 MYC in a mouse model of

0.042 bladder inflammation

0.039 As noted above, pro-inflam-

0.045 matory miRNAs and mRNAs

0.030

were selectively regulated

B. Bladder-to-body weight ratio of mice subjected to Cyp or Veh treatment

following obstruction in hu-

Condition 24 h Ratio 24 h Average 96 h Ratio 96 h Average mans and mice. As an inde-
Veh 0.941 0.881+0.113 0.753 0.799+0.047 pendent test of the impact
0.979 0.806 of inflammation on MRNAs
0.883 0.861 identified as responsive to
0.722 0.774 obstruction, we subjected
Cyp-low 0.732 0.703+0.051 0.741 0.724+0.040 mice to injection with cyclo-
0.726 0.753 phosphamide (Cyp) to evo-
0.736 0.737 ke an acutelzthllnﬂa;r;wmztlo(rjy
response within the blad-

0.627 0.664
) der [32]. The mean body

Cyp-high 0.950 1.327+0.316%* 1.527 1.498+0.253** .

weight was decreased af-
1722 1612 ter 96 h in both Cyp-low
1.299 1718 and Cyp-high treated mice,

1.336 1.136

which  was concomitant

Veh, vehicle; Cyp-low (cyclophosphamide, 100 pg/g body weight); Cyp-high (cyclophos-
phamide, 300 ug/g body weight). *, P=0.034 vs 24 h Veh; **, P=0.0043 vs 96 h Veh,

t-test.

identified TNF-a as the top upstream regulator
and revealed signaling molecules, including
MYC, FOS, CTGF, and PIK3R5, which were
strongly induced in different urodynamic states
of BOO [14]. Expression of 11 mRNAs, which
were significantly regulated in human patient
samples were investigated in mice with pBOO
in both studies using gRT-PCR. We observed
similarity in the expression profiles of CTGF,
which was significantly up-regulated at 4 and 6
weeks pBOO in both studies and in humans
(Figure 4, purple frame). In contrast, the signi-
ficant up-regulation of MYC and MYB Proto-
Oncogene Like 2 (MYBL2), observed in humans
BOO patients, was not consistently reproduced
in pBOO mice. Likewise, the smooth muscle-
specific mRNAs myosin-heavy chain-11 (MY-
H11) was up-regulated at 2 weeks pBOO in the
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with a significant increase
in their bladder-to-body
ratio (Table 2). We observed
time- and dose-dependent
changes in expression of MYC, TNFAIP3, BMP7,
NRXN3, VEGFA, PI3KR5, MYBL2, HIF1A, and
NFkB mRNAs in response to Cyp, with differen-
tial responses observed between detrusor and
mucosa. In the mucosa, the levels of NRXN3,
PISBKR5, MYBL2 mRNA were downregulated at
24 h in mice treated with high-dose Cyp (300
mg/g body weight, P<0.05), whereas BMP7
MRNA was upregulated in mucosa at 24 h in
response to low-dose Cyp (100 mg/g body
weight, *P<0.05) (Figure 5A). In the detrusor,
TNFAIP3, HIF1A, and NFKB mRNAs were down-
regulated at 96 h following Cyp treatment, irre-
spective of dose, whereas VEGFA was upregu-
lated in response to high dose Cyp (Figure 5B).
MYC mRNA and protein were also noted to
increase at 96 h following Cyp treatment
(Figure 5C).
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Figure 5. Cyclophosphamide (CYP)-induced hemorrhagic cystitis in mice induces upregulation of MYC. A. Differential
sensitivity of obstruction-sensitive gene expression to Cyp. Data are presented as fold change relative to vehicle at
each time point (*, P<0.05, Kruskal-Wallis test). B. Upregulation of c-myc mRNA in the detrusor after 96 hr of high
dose CYP compared to vehicle control (n=3/group, P<0.05, Kruskal-Wallis test). C. Upregulation of Myc mRNA and
protein in the detrusor at 96 hr post high dose CYP treatment.

Hypoxia is induced early in pBOO and gradu-
ally subsides later following obstruction

Hypoxia-inducible factor (HIF) 1 is the major
regulator of oxygen homeostatic processes
within the cells. Mice with surgically-induced
pBOO after 1 week showed an increase in
hypoxia-responsive genes [33], therefore, in
order to understand the driver of the miRNA
dysregulation early in obstruction, we assessed
the mRNA levels of hypoxia markers HIF1A,
VEGFA and LDHA at different time points of
pBOO. Our results show that in both studies the
subunit HIF-1a is significantly up-regulated
after the first 2 weeks of obstruction but after
6 to 8 weeks its levels decrease, though HIF-
1A is significantly up-regulated in BOO patients
(Figure 6A). Furthermore, the vascular endo-
thelial growth factor (VEGFA) (Figure 6B) and
lactate dehydrogenase A (LDH-A) (Figure 6C),
which are regulated by HIF, undergo the initial
up-regulation at 2 weeks pBOO followed by a
time-dependent decrease. In human patients,
the levels of VEGFA and LDHA remain consis-
tently higher than in controls (Figure 6B, 6C).

Discussion

In this study, we describe a revealing compari-
son between experimentally-induced pBOO in
mice and BOO-induced LUTDs in patients, iden-
tifying selected changes in miRNAs and mRNAs
that are conserved between the two systems.
Similar to prior reports we observed that the
bladder-to-body weight ratio increased in a
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time-dependent manner after surgically-indu-
ced pBOO compared with sham-operated mice
[3, 29]. miRNA expression in the 1%t study
showed changes after 2 weeks of pBOO but the
expression returned to control (sham) levels
after 6 weeks of obstruction. Therefore, we per-
formed a longer 2" study up to 8 weeks pBOO,
in order to assess the influence of the time
post-obstruction on the gene expression re-
gulation.

We analyzed expression levels of several miR-
NAs described to be important for hypertrophy
and fibrosis. MiR-142-3p and miR-142-5p influ-
ence inflammation and immune response, and
have also been shown to decrease in mouse
models of cardiac hypertrophy. MiR-142-5p tar-
gets the acetyltransferase p300, implicated in
cardiac growth, and an increase of miR-142
during cardiac growth is critical for cell survival
[34, 35]. In our data set, miR-142-5p displayed
a biphasic response, increasing at 2 and 6-8
weeks of pBOO but showing the levels close to
controls at 4 weeks pBOO. Based on the litera-
ture, a reduction in miR-142 is anticipated to
cause an increase in cytokine-mediated sur-
vival signals and a reduction in apoptosis [35].
MiR-30c was down-regulated at the beginning
of obstruction in both studies we report here.
Like many other dysregulated miRNAs, miR-
30c levels gradually returned to control as
obstruction time elapsed, similar to the earlier
observations in pBOO rats [22]. In cardiomyo-
cytes miR-30c was shown to inhibit connective
tissue growth factor (CTGF) [36], in line with our
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Figure 6. The effect of pBOO on hypoxia-induced gene expression. Gene expression of three hypoxia-induced genes
was assessed by gRT-PCR in the 1t and 2™ study mouse bladders and compared with BOO patients’ biopsy sam-
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measured in triplicates. (A) Levels of HIF1A (B) levels of VEGFA (C) levels of LDH-A. Data are represented as mean +
SD, "P<0.05, *"P<0.01, "P<0.001, "*P<0.0001.

gRT-PCR data, which show an increase of CTGF
in pBOO animals.

In most cases miRNAs, which were selected
based on their relevance in human bladder
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remodeling, were in agreement between mouse
pBOO and human BOO patients’ samples. We
observed that smooth muscle-associated miR-
NAs, such as miR-1 and miR-133a-3p, miR143/
145, which are confirmed to play a role in car-
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diac hypertrophy [37, 38] were down-regulated.
Overexpression of miR-1 and miR-133 inhibits
the development of cardiac hypertrophy [38].
Earlier studies have shown that miR-29b and
-29c¢ are significantly reduced in experimental
obstruction in animal models [13], in line with
this report. Our study did not show conclusive
evidence of miR-29b down-regulation in pBOO
mice, though we previously demonstrated its
reduction in humans with BOO [14]. On the
other hand, the pro-fibrotic miRNAs miR-142-
3p and miR-21 were up-regulated in both stud-
ies performed here, in agreement with the pub-
lished data on miR-21 increase during renal
fibrosis [39]. Interestingly, miR-155-5p was dif-
ferently expressed between 15tand 2" study. In
the 15t study, after 6 weeks of obstruction miR-
155 was enhanced similarly to BOO human
patients but in the 2" study after 8 weeks
obstruction it was highly down-regulated. The
pro-inflammatory miR-155 is up-regulated dur-
ing heart failure in patients and loss of miR-155
in fibroblasts showed a protection of ventricular
function [40].

Given the inconsistent and sometimes conflict-
ing expression results for individual miRNAs,
we compared the expression of important hubs
of cell signaling between pBOO mouse blad-
ders and BOO patients’ biopsy samples. We
found evidence to support similar regulation of
mRNAs encoding for pro-fibrotic regulatory pro-
teins in the two systems. For example, CTGF
was increased between 4 and 6 weeks of
obstruction in mice and in patients with BOO. In
line with an adaptive upregulation in response
to bladder distension and mechanical stimula-
tion, CTGF is known to be upregulated in cardio-
myocytes under conditions of heart failure in
rodent models, where it promotes hypertrophy
[41]. MYC and MYH-11 were regulated in a
biphasic manner in mice and humans. However,
contrary to the human data in which these
genes were highly upregulated with BOO, we
found no evidence of up-regulation of the TNF-
a-induced genes PIK3R5, PTGS2, UPK2, and
TNFAIP3 following pBOO in mice. Interestingly
genes identified as responsive to obstruction,
showed differential time- and dose-dependent
regulation in the context of cyclophosphamide-
induced bladder inflammation. Among these,
MYC and VEGFA were upregulated at 96 h fol-
lowing treatment of mice with high-dose Cyp.
Consistent with these observations, MYC has
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been implicated as a driver of metabolic chang-
es in tissues exposed to both mechanical and
inflammatory stress in vivo [42, 43]. The dis-
crepancy between human BOO, mouse pBOO
and mouse bladder inflammation likely reflects
different kinetics of transcriptional regulation.
It may also be a reflection of post-operative
meloxicam administered to mice following
pBOO, which exerts anti-inflammatory activity.

Although hypoxia is a common feature of
obstructed bladders in humans [44], our mouse
studies showed convincing evidence of hypoxia
only at the 2 week time point, with hypoxic gene
expression changes reverting to control levels
after 6-8 weeks of pBOO. Hypoxia inducible fac-
tor (HIF)-1 plays a major role in mediating the
response to low oxygen concentration in tis-
sues. The synthesis of HIF-1« is enhanced after
pBOO in mice or rats following 6-14 days of
obstruction [6, 45]. HIF-1 promotes the tran-
scription of VEGF and angiogenesis, through
VEGF-mediated attraction of mature endotheli-
al cells to the hypoxic environment [33]. VEGF is
significantly up-regulated in patients with BOO
[46] and also in rats within 14 days of obstruc-
tion [6]. Overall, the evidence in support of
increased hypoxia-induced gene expression
during the first 2 weeks of obstruction in differ-
ent animal models is comparable with the
results presented here. Nevertheless, our
study in mice with pBOO is, to our knowledge,
the first to show that hypoxia-induced changes
in gene expression disappear and the levels of
up-regulated genes return to normal in a time-
dependent manner at later time points (6-8 wk)
after obstruction. Notably, there is a strong
connection between inflammation and hypoxia,
which may explain the up-regulation of hypoxia-
induced genes in the first 2 weeks after pBOO
surgery [47]. Our miRNA and mRNA expression
data suggest an inflammatory trend at the
beginning of the obstruction, which subsides at
later time points after surgery. Generally, our
studies demonstrate that the gene expression
dysregulation (both miRNAs and mRNAs) is the
strongest at 2 weeks post-obstruction, and the
changes gradually return to the control levels.
This is in agreement with an earlier observation
in pBOO rats, where with the exception of miR-1
and miR-133a, the level of most other tested
miRNAs normalized by 6 weeks after pBOO
[22].
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Based on our results, pBOO leads to an acute
hypoxia, and possibly inflammation at the
beginning but fails to induce the long-term
effects observed in patients with BOO-induced
LUTD. Limitations of the study include the dif-
ferent ages of mice versus humans, with chang-
es in human patients likely a reflection of
chronic damage to the urinary tract, as well as
age-related comorbidities. It will be important
in future studies to relate miRNA/mRNA chang-
es to the switch from compensated to decom-
pensated contractility in mouse bladders fol-
lowing pBOO, since miRNAs/mRNAs that are
differentially expressed during this transition
may represent drivers of pathologic remodeling
and fibrosis. Most of miRNAs and mRNAs
shown to be regulated in the mouse pBOO stud-
ies are known to play a role in development of
cardiovascular diseases and may play a similar
role in bladder hypertrophy [25]. Nevertheless,
the lack of evidence of TNF-a-induced miRNA
and mRNA regulation might indicate a different
pathophysiological mechanism of organ remod-
eling in pBOO model compared to the human
disease.
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