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Abstract

Interstitial cystitis (1C), also called painful bladder syndrome (PBS), is 2 to 5 times more common
in women than in men, yet its cause and pathogenesis remain unclear. In our study using the
cyclophosphamide (CYP) induced mouse model of cystitis, histological evaluation of the urinary
bladder (UB) lamina propria (LP) showed immune cell infiltrations, indicating moderate to severe
inflammation. In this study, we noticed a differential expression of a subset of microRNAs (miRs)
in the UB cells (UBs) of CYP-induced cystitis as compared to the control. UB inflammatory
scores and inflammatory signaling were also elevated in CYP-induced cystitis as compared to
control. We identified eight UBs miRs that exhibited altered expression after CYP induction

and are predicted to have a role in inflammation and smooth muscle function (miR-34c-5p,
-34b-3p, -212-3p, -449a-5p, -21a-3p, -376b-3p, -376b-5p and -409-5p). Further analysis using
ELISA for inflammatory markers and real-time PCR (RT-PCR) for differentially enriched miRs
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identified miR-34c as a potential target for the suppression of UB inflammation in cystitis.
Blocking miR-34c by antagomir ex vivoreduced STAT3, TGF-B1, and VEGF expression in the
UBs, which was induced during cystitis as compared to control. Interestingly, miR-34c inhibition
also downregulated ROCK?2 but elevated ROCK1 expression in bladder and detrusor cells. Thus,
the present study shows that targeting miR-34c can mitigate the STAT3, TGF-B, and VEGF,
inflammatory signaling in UB, and suppress ROCK2 expression in UBs to effectively suppress the
inflammatory response in cystitis. This study highlights miR-34c as a potential biomarker and/or
serves as the basis for new therapies for the treatment of cystitis.
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Introduction

Interstitial cystitis (1C), also known as painful bladder syndrome (PBS), affects nearly 8
million women and 4 million men in the U.S., yet its cause and pathogenesis remain
unclear [1]. IC patients suffer from urinary bladder pain, psychological stress, anxiety,
depression, insomnia, and negative work performance. Currently, available treatments
reduce IC symptoms but induce lots of side effects including nausea, gastrointestinal
distress, and diarrhea. Thus, therapies for the future must depend on pathogenesis and better
clarification of the mechanisms that lead to the development of IC. The principal etiology of
IC appears to involve an increase in the local adaptive immune response, and the number of
T cells, mast cells, and neutrophils in the urinary bladder (UB) [2]. Therefore, we reasoned
that at least one stage in the process of developing cystitis must be amenable to immune
modulators and other anti-inflammatory therapies. Current animal models have advanced
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our understanding of cystitis pathogenesis, but no previous model of bladder injury in
healthy experimental animals completely mimicked the salient features of human IC. To this
end in this study, we will use a well-established cyclophosphamide (CYP)-induced mouse
model of cystitis that represents a significant advance in the field [3]. This model displays
many of the clinical characteristics of human IC, including urinary frequency, decreased
urine output per void, pelvic nociception, and histopathological alterations such as urothelial
cell detachment and increased bladder permeability with epithelial leakage [4]. Thus, a
thorough understanding of IC pathogenesis using a CYP-induced model of cystitis will
greatly advance our understanding of the mechanisms that underlie cystitis. Further, this will
aid in the identification of better diagnostic tools for the development of safe and effective
cystitis therapeutic options.

microRNAs (miRs) serve as crucial regulators of both innate and adaptive immune
responses and have been linked to many autoimmune diseases, including cystitis. miRs
play a key role in various biological processes and differential expression of miRs might
be crucial for regulating inflammatory immune effector functions during cystitis. We have
shown that expression of specific UB cells (UBs) miRs alters in an autoimmune-induced
model of cystitis [5], and dysregulation of miR-155 induces Th1/Th17 polarization and
protects mice from intestinal inflammation [6]. It has been shown that dysregulation in
miR-34c enhances the development of atherosclerosis [7]. Further, miR-34c suppresses the
proliferation of vascular smooth cells via modulating high mobility group box protein 1
and targeting stem cell factors [8, 9]. miR-34c also inhibits differentiation and valvular
interstitial cell calcification in calcific aortic valve disease [10]. Thus, this study will
determine how miR-34c suppression alters UBs inflammatory and signaling response to
reduce the symptoms of IC.

Pathological evaluation of the UB lamina propria shows T cells, macrophage, neutrophils,
and mast cell infiltration and granulation, indicating moderate to severe inflammation [11,
12]. The inflammation involves various signaling pathways and inflammatory mediators.
Towards this, the cyclic adenosine monophosphate response element binding protein
(CREB) is a representative transcription factor and cystitis induces altered CREB expression
related to micturition reflex [13]. The c-Jun N-terminal kinase-signal transducer and
activator of transcription (JAK-STAT) pathway, are the most studied in various physiological
processes including cell growth, differentiation, and immune response. The protein level
and constitutive activation of STAT3 have been reported in bladder cancer [14], and
STAT3/5 inhibitors suppress bladder cancer [15]. Similarly, the expression and function

of transforming growth factor-B (TGF-B) alter in the rat urinary bladder following CYP-
induced IC [16]. Several reports show that nitric oxide (NO) plays a significant role

in the induction of CYP-induced IC and iNOS is responsible for inflammatory changes

in the bladder [17]. The vascular endothelial growth factors (VEGF) are expressed in

the urothelial, LP within the bladder wall under normal conditions, but increase during
inflammation and pathological conditions [18, 19]. Further, blocking VEGF/VEGER?2
signaling suppresses CYP-induced IC in rat UB [20]. To the best of our knowledge, no
information is available to date on how miRs expression mediates alteration in CREB,
STAT3, iINOS, TGF-B, and VEGF in CYP-induced cystitis.
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The major symptoms of cystitis, including frequent urination, urge to urinate, and pain
during urination [21], are linked to increased detrusor smooth muscle (DSM) contractions.
The DSM contractions mediate various Ca* channels and any deviation in the omnipresent
balance between these channel activities can lead to over-or under-activity of the DSM.

IC triggers intense detrusor contractions, but the molecular mechanisms underlying these
contractions have remained elusive. Rho-associated protein kinase (ROCK) belongs to the
serine/threonine kinases family and plays an important role in cell contraction, motility,
proliferation, migration, and leading to cardiovascular disease [22]. The two isoforms,
ROCK1 and ROCK2 expressed in circulating inflammatory cells and vascular smooth
muscle cells respectively [23, 24] mediate different functions in different types of cells.

We noticed that miR-34c increased in UBs in CYP-induced cystitis, but the pathogenesis
of cystitis remains unclear. Thus, the main goal of this study is to determine a mechanism
that how miR-34c inhibition mediates the bladder inflammatory response during cystitis.
The identification of miR-34c involved in the progression of cystitis and targeting miR-34c
might represent a novel approach to the prevention and treatment of UB inflammation
during cystitis and might be used as a non-invasive biomarker for cystitis-like conditions.

Materials and Methods

Animals and study design

Wild-type C57BL/6 female mice (6-8 weeks old) were purchased from Jackson Laboratories
(Bar Harbor, ME, USA) and housed in a specific pathogen-free animal facility at the
University of Tennessee Health Science Center (UTHSC), Memphis with normal 12/12

h light/dark cycles. The mice were housed for a week for acclimatization to the animal
facility before starting the experiment. All animal experimentation was performed under
protocols (20-0169) approved by the University of Tennessee Health Science Centre
(UTHSC) Institutional Animal Care and Use Committee (IACUC). Following one week

of acclimatization, the mice were randomly divided into two experimental groups and each
group contained 5 mice (n = 5) viz., control and cyclophosphamide (CYP) group. Four doses
of intraperitoneal (i.p.) injection of cyclophosphamide 80 mg/kg body weight of mouse were
given to the CYP group on alternate days (days 2, 4, 6, 8) and i.p. injections of saline were
given to the control group. The study was repeated three times. The body weight of mice
was measured every day. Mouse behavior (grooming, guarding) was monitored daily. On the
last injection day, mice were sacrificed after four hours of injection for collection of the UB
for further downstream experiments.

CYP-induced cystitis UB tissue homogenate inflammatory marker analysis by Luminex™

Levels of inflammatory signaling molecules/mediators like JNK, CREB, p38, ERK1/2,
STAT-5, STAT-3, NF-kB, AKT, and p70S6k in the UB tissue homogenate were determined
using a Luminex plex Elissa assay kit (Millipore, Sigma USA). We previously described

the detailed method in our earlier publication [6]. In brief, assay buffer containing beads
specific to these targets and 50 pl of assay beads were added into pre-wet vacuum wells,

the assay buffer was removed, and the plate was washed with wash buffer. We added 50 pl
of the sample (standard, blank, or UB tissue homogenate) to each well and incubated for 1
hour with continuous shaking using a Lab-Line™ Titer Plate Shaker (Melrose, IL). The filter
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bottom plates were washed and vortexed at 300x g for 30 seconds. Subsequently, 25 ul of
anti-mouse detection antibodies were added to each well and incubated for 30 minutes at
room temperature. Next, 50 pl of the streptavidin-phycoerythrin solution was added to each
well and incubated with continuous shaking for 10 minutes at RT. Finally, 125 pl of assay
buffer was added to each well, and fluorescence was measured using a Luminex™ System
(Austin, TX) and calculated using BioRad software.

Urinary bladder single-cell isolation

At the experimental endpoint, single-cell suspensions were prepared from the urinary
bladder (UB) obtained from each group of mice. UB cells were dissociated by stomacher
in RPMI 1640 (Corning 10-041-CV, USA) with 10% FBS. After centrifugation, cell
suspensions of UB were passed through a sterile 70uM filter (Genesee, USA) to prepare
a single-cell suspension. Cell counts were taken in Countess 3 automated cell counter
(ThermoFisher Scientific, USA) by using trypan blue and used for the downstream
experiment. The cells were kept at 4°C for further analysis.

miRNAs isolation and microarray analysis

Initially, UB tissues were dissociated with a tissue homogenizer and miRs with total RNA
were isolated by a miRNeasy mini kit (QIAGEN, Valencia, CA). miRs were isolated
according to the manufacturer’s instructions and samples were stored at —80°C before
being sent to the Johns Hopkins University sequencing core facility for microarray analysis.
Total RNA from UB including miRNAs was hybridized to an Affymetrix Gene Chip

high throughput miR array containing 609 murine probes (Affymetrix, Santa Clara, CA).
The data generated from the array were analyzed using hierarchical clustering. By use of
ingenuity pathway analysis (IPA) software (Qiagen; www.ingenuity.com), the results from
the miRs microarray were analyzed to identify molecular pathways potentially altered by
single or multiple miRs target genes. In brief, this analysis compares each set of miRs to
all available pathways in the database and assigns priority scores based on the predicted
strength of the miRs interaction with components of the target pathway.

ex vivo culture and miR-34c-3p inhibitor treatment

We used miR-34c-3p, miR-34c-5p, and miR-34b-3p inhibitors in the UBs and noticed

that miR-34c-3p most effectively reduces the inflammatory response, thus used in

the entire study. After aseptic isolation of UB single cells were transfected with the
combination of miR-34c-inhibitor (Invitrogen, USA Ambion Cat. 4464085, ID MH11039)
and Lipofectamine RNAIMAX (Invitrogen, Ref: 13778-030) with manufacturer instruction
and culture for 24 hours. In brief, cells were seeded in complete RPMI-1640 media and
transfected with 10 nM has-miR34c-3p inhibitor in the final concentration. After 24 hr
cells were harvested and proceeded for downstream experiments such as RNA extraction,
real-time PCR (RT-PCR), protein isolation, and western blot analysis.

RNA extraction and real-time PCR (RT-PCR)

Total RNA from bladder cells and miR-34c-3p inhibitor transfected bladder cells was
extracted by using the RNeasy mini kit (Cat. 74104; QIAGEN, USA). Five hundred
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nanograms of extracted RNA in each sample were used for reverse-transcribed cDNA using
an iScript cDNA synthesis kit (Cat. 1708891; Bio-Rad, USA) following the manufacturer’s
protocol. RT-PCR was performed using the iTaq Universal SYBR Green Supermix (Cat.
1725121; Bio-Rad, USA). Primers were purchased from Integrated DNA Technologies
(IDT) and QIAGEN. miRCURY LNA RT Kit (339340, QIAGEN, USA) was used for the
cDNA preparation of miR. RT-PCR of miRs was performed by miRCURY LNA SYBR
Green PCR Kit (339346, QIAGEN). The primer sequence is provided in Tables 1 and 2.

Histopathological examination

Mouse UBs were subjected to histopathological examination to detect inflammatory cell
infiltrates and signs of cystitis pathology. UBs were preserved using 10% neutral formalin
for 24 hours and embedded in paraffin. Fixed tissues were sectioned at 6 pm, stained with
hematoxylin and eosin, and examined by light microscopy. The inflammatory state of each
UB was characterized and scored as follows: having no change when compared with tissue
samples from control mice (score = 0); having a few mononuclear cell infiltrates (score = 1);
having minimal hyperplasia with a mixture of mononuclear cells (score = 2); having major
hyperplasia (score = 3) or having major hyperplasia with heavy cellular infiltrates in the
sub-mucosa (score = 4).

Protein extraction and Western blot

UB cells were washed twice with cold phosphate-buffered saline (PBS) and lysed with
RIPA buffer supplemented with a protease and phosphatase inhibitor cocktail. Cells were
ruptured by pipetting, sonicated for 1 min, and incubated on ice for 30 min to ensure
complete lysis. For detrusor lysate, the whole bladder was isolated from mice and the
urothelium was dissected under a microscope in cold PBS. The detrusor tissue was then
homogenized in RIPA buffer. In both cases, after homogenization, cell debris was removed
by centrifugation at 15,000 x g for 20 min. The protein concentration of the resulting
supernatant was measured with a Pierce™ BCA Protein Assay Kit (ThermoFisher Scientific,
Waltham, MA). Equal amounts (50 ug) of protein for each sample were separated by 10%
SDS (Sodium Dodecyl Sulfate)-PAGE (polyacrylamide gel electrophoresis) and transferred
to nitrocellulose membranes (1620112, Bio-Rad) using Transblot Turbo (Bio-Rad). The
membrane was blocked with 5% fat-free milk dissolved in Tris-buffered saline with
Tween-20 (TBST) at RT for 1 h and incubated at 4°C overnight on a shaker with primary
antibodies specific for ROCK-1 (1:500; cat. no. 4035; Cell Signaling Tech), ROCK-2
(1:500; cat. no. 47012; Cell Signaling Tech), and B-actin (1:5,000; cat. no. MAB1501,
EMD Millipore). Unbound primary antibodies were removed by washing with TBST and
the membranes were incubated at RT for 1 h with anti-rabbit (1:5000; cat. no. 31470,
ThermoFisher) or anti-mouse (1:5,000; cat. no. 7076; Cell Signaling) secondary antibodies.
Images were taken Biorad Chemidoc imaging system and densitometric analyses were
performed using Image Lab Software.

Statistical analysis

The data are expressed as the mean + SEM of at least three replicates and were
compared using student’s #test or one-way ANOVA where traditional a-value (p <0.05)
was statistically significant in this study. Graphical representations were generated using
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GraphPad Prism (GraphPad Software, Boston, MA) and Origin8 (OriginLab, Northampton,
MA) software.

Body weight, wet bladder weight, and UB inflammatory response during CYP-induced

cystitis

We examined the changes in body weight, wet bladder weight, and UB inflammation in
control and CYP-induced cystitis in mice. CYP induction reduced body weight as compared
to saline-treated control mice (Fig. 1A). Further, the wet bladder weight increased in CYP
induction relative to control mice (Fig. 1B). The inflammation and inflammatory score
determined from UB histology also increased in CYP mice as compared to control mice
(Figs. 1C and 1D). Histological examination showed that control mice exhibited normal
organized tissue architecture with only very few inflammatory infiltrates in the UB (Fig.
1C; arrow). In contrast, the UB histology of mice treated with CYP exhibited chronic
inflammation with extensive small to multifocal inflammatory cell infiltrates (Fig. 1C
arrow), edema as well and urothelial hyperplasia as compared to control (Fig. 1C). The
results suggest that CYP induction might impeded epithelial barrier function that alters UB
mucosal immunity and participates in modulating the inflammatory immune response to
enhance IC symptoms in the UB.

CYP induction alters the mediators of inflammatory signaling

It has been previously observed that during cystitis, T cells, macrophage, neutrophils,

and mast cell infiltration and granulation occur in the UB leading to moderate to severe
inflammation [11, 12]. The inflammatory signaling in the UB involves various signaling
pathways like CREB, JNK, p38, protein kinase B (AKT), extracellular signal-regulated
kinase (ERK), p70S6K, STAT5, and STAT3 pathways. By using a multiplex ELISA assay,
we measured that CREB, JNK, p38, AKT, ERK1/2, p70S6K, STAT-5, and STAT-3 signaling
was upregulated in the CYP-induced UBs as compared to control (Fig. 2). The data suggest
that CYP induced multiple inflammatory signaling in the UB, and suppression of these
pathways might be an effective approach to suppress urinary bladder inflammatory response
in cystitis.

microRNA (miRs) differential expression in UBs during CYP-induced cystitis

The function of various genes can be altered by epigenetic regulation mediated by miRs.
To further define the mechanisms of gene regulation during the progression of CYP-induced
cystitis, we isolated total RNA from UBs and performed miRNA arrays in the core facility
at the Johns Hopkins School of Medicine, MD. Following global normalization of the

raw data, we identified several miRs that were differentially expressed in CYP-treated
mice relative to control mice which are depicted in the heatmap (Fig. 3A). We observed
distinct patterns of several UBs miRs including miR-34c-5p, miR-21a-3p, miR-34b-3p
miR-212-3p, miR-449a-5p, miR-376b-3p, miR-376b-5p, and miR-409-5p, expression in
CYP-induced as compared to control, suggesting that cystitis may result from altered miRs
expression mediated by CYP induction. Furthermore, the miRs analyzed by the heatmap
were then mapped as a dendrogram to show their interaction with different genes like
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ankyrin repeat domain 17 (Ankrd17), hypoxia-inducible factor 1 subunit alpha (HIF1a)
and PEST Proteolytic Signal Containing Nuclear Protein (PCNP) (Fig. 3B). Additionally,
these miRs are involved with various cellular pathways and cancer which was generated by
KEGG pathway analysis (Fig. 3C). Since these differentially regulated miRs are involved in
colorectal and bladder cancer and high incidence that these miRs might be a bonafide target
for therapeutic intervention.

miRNA expression networks and their target validation of miR-34c

We observed upregulation of a set of miRs that includes miRs-34a/b/c, miR-21a, and
miR-132-3p. These miRs alter cell proliferation, migration, and several inflammatory
signaling pathways. Gene ontology mapping (Fig. 4A) revealed that miR-34c was

involved in several critical cellular pathways associated with proliferation and cytoskeletal
rearrangement. The expression profiles of all miRs were analyzed by a volcano plot (Fig.
4B) and identified that miR-34c shows the largest fold difference between control and
CYP-treated bladder. For this, we first verified that miR-34c-5p and miR-34b-3p expression
showed significant increases in CYP induction as compared to control (Fig. 4C). Our
results suggest that cystitis induction and progression might be related to CYP-induced
differential expression of miR-34c which modulates the function of various inflammatory
pathways. Taken together, these microarray and RT-qPCR data strongly suggest a key role
for miR-34c in the progression of 1C and provide a rationale to determine whether alteration
of these miRs enhances/suppresses the symptoms of IC. Based on this and the potency of
in vitro inhibition of inflammatory response, we selected miR-34c-3p for further ex vivo
manipulation since their associated gene network targets are crucial for cystitis progression.

Validation of dysregulated miRs expression in CYP-induced UBs

Next, we verified several dysregulated miRs expressions in CYP UB tissue after

CYP induction. RNA was isolated from UBs and real-time PCR was performed for

the top dysregulated miRs that we identified previously. Based on the inflammatory
pathways and prediction, we validated key results from the microarray analysis,

six miRs (MiR-212-3p, miR-449a-5p, miR-21a-3p, miR-376b-3p, miR-376b-5p, and
miR-409-5p). Among them, miR-212-3p, miR-449a-5p, and miR-21a-3p are upregulated
and miR-376b-3p, miR-376b-5p, and miR-409-5p are downregulated in CYP induced IC
group compared to control (Fig. 5). Results indicate that the top differentially enriched miRs
(miR-212, miR-449a, and miR-21a) of UBs also showed a similar pattern of expression with
miR-34c. We selected miR-34c¢-3p based on the highly predicted based on immune, muscle,
and neuropathic pain-mediated signaling pathways.

Targeting miR-34c-3p suppresses inflammatory markers

It has been shown previously that targeting miR-34c was a novel therapeutic strategy

for intervention for cardiovascular disease [25]. Further, miR-34 has also been shown to
play a crucial role in repressing tumor progression by involving in epithelial-mesenchymal
transition (EMT) via EMT-transcription factors, p53, and some important signaling
pathways like Notch and TGF- signaling [26]. Hence, we first tested miR-34c inhibition in
UB cells isolated from CYP-treated bladders. miR-34c antagomir was added to the culture
media at 10 nM final concentration and allowed to incubate for 24h in a CO» incubator
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after which RT-PCR was performed for different inflammatory markers mentioned earlier.
Interestingly, we noticed a prominent reduction in STAT-3 (Fig. 6) suggesting that STAT3
is a possible downstream target of miR-34c in UB. Furthermore, miR-34c also suppresses
other inflammatory genes like ERK and CREB. Although other inflammatory markers like
STATS, Akt, INK, iNOS, and IL-1p are not significantly altered after miR-34c inhibition,
it is likely due to the shorter incubation time of antagomir (24h). The potential for further
inhibition of these inflammatory markers needs to be assessed using extended-time course
experiments.

Alteration in TGF-p1, VEGF, NGF and PIEZO1 expression after miR-34c-3p inhibition

Next, we also looked at key inflammatory targets involved in proliferation, neuronal
signaling, and smooth muscle function. It has been shown that an increase in

peripheral TGF-B1 reactivity in chronic inflammatory bladder conditions, and its role in
urinary bladder dysfunction influence bladder afferent excitability to amplify nociceptive
transmission and CNS input. We examined the effect of miR-34c inhibition during CYP-
induced cystitis. Results indicate that miR-34c-3p inhibition reduced TGF-p1 and VEGF
levels while NGF and PIEZO1 levels showed no change (Fig. 7). VEGF functions as a
potent inflammatory mediator and has been considered an important target for IC [20].

Differential ROCK isoform expression in the detrusor is a possible mediator of increased
detrusor contractility.

Next, we wanted to further test the effect of miR-34c modulation on ROCK isoforms.
ROCK is essential for smooth muscle contraction. ROCK isoforms play an important role
in cell contraction, motility, proliferation, and migration [22]. The two isoforms ROCK1
and ROCK?2 are expressed in circulating inflammatory cells and vascular smooth muscle
cells respectively [23, 24]. It mediates different functions in different types of cells during
inflammation. Since a major IC symptom is pain and the urge to urinate, we postulated that
this might be associated with increased expression of one or more ROCK isoforms in the
bladder. Accordingly, we used a western blot to determine the change in protein expression.
In whole detrusor tissue, CYP induced a decrease in ROCK1 but an increase in ROCK2
(Fig. 8A, B). Similarly, in isolated UB cells, ROCK1 decreased whereas ROCK2 increased
after CYP. Isolated cells from the control and CYP-treated bladder were then incubated

for 24 h with the miR-34c¢-3p antagomir. Results indicate no effect in control cells but in
CYP cells, miR-34c antagonism restored both ROCK1 and ROCK?2 expression (Fig. 8C-E).
These results suggest that miR-34c-3p could also alleviate bladder contractile pathways
during cystitis. Further, antagonizing miR-34c-3p in the cystitis bladder could potentially
suppress inflammatory and detrusor contractility pathways and neuronal overactivity that
possibly alleviate the primary symptoms of cystitis.

Discussion

The etiology and pathogenesis of interstitial cystitis are not fully known, but studies

linking several autoimmune etiologies with cystitis and inflammation including epithelial
dysfunction, neurogenic upregulation, infection, and bladder inflammation have emerged as
key constitutive elements in the events cascade of cystitis [27]. In this study, we identified a
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set of altered miRs during CYP-induced cystitis and uncovered that miR-34c is significantly
increased in the UBs of IC mice as compared to the control. Hence, the goal of this study
was to determine if inhibition of miR-34c-3p suppresses the inflammatory response of IC.
In this study, we demonstrated that inhibition of miR-34c-3p reduced the STAT3, TGF-B1,
VEGF, and ROCK2 expression in UB cells, which effectively suppresses IC. This study will
provide miR-34c-3p as potential biomarkers and/or serve as the basis for new therapies for
the treatment of IC.

It has been established that miRs can regulate multiple genes by binding to target mRNAS,
thereby controlling the stability and translation of protein-coding mRNAs [28, 29]. miRs
expressed in many peripheral tissues including the colon and can regulate inflammation
[30, 31]. We have shown that differential expression of miRs correlates with the severity
of experimental autoimmune cystitis [5]. In this study, we noticed several miRs also
dysregulated in the UBs isolated from the CYP-induced mice compared to the control.
Several putative targets of these miRs are related to the inflammatory, neuropathic pain, and
detrusor smooth muscle function process. Among them, based on the pathway prediction
we, selected miR-34c for further analysis during IC. miR-34c is associated with diverse
functions like enhancing wound inflammation by regulating keratinocyte inflammatory
response targeting Leucine-rich repeat-containing G-protein coupled receptor 4 [32] and
inhibiting smooth muscle cell function [8].

In this study, we uncovered that miR-34c antagomir treatment remarkably reduces the
expression of STAT3, ERK, CREB, TGF-p1, and VEGF as compared to the scramble

miRs. STAT3 has been shown as one of the potent transcription factors for inflammatory
pathways activated by various pro-inflammatory cytokines [33]. Further, ERK is known to
be involved with chronic inflammation [34]. CREB is involved in Th17 cell differentiation
and regulatory T (Treg) cell inhibition [35]. TGF-B1 is a pleiotropic cytokine that has both
pro and anti-inflammatory functions depending on the context of the disease [36]. However,
higher expression of VEGF was shown to be associated with cystitis, and targeting VEGF
signaling might be an effective treatment for IC [20]. ROCK kinase isoform functions in
both inflammatory cells and smooth muscle. In recent studies, serum levels of ROCK2 were
found to increase in patients with overactive bladder [37] and although both isoforms are
known to be present in the bladder, it is speculated that ROCK2 is likely involved with
increased detrusor contraction in cystitis and other bladder diseases [38]. Our data here also
shows that ROCK1 is the likely constitutive form of the kinase whereas ROCK?2 appeared

to be upregulated during IC when miR-34c antagonism reverted. Taken together, our data
corroborate previous studies [37] and suggest that the miR-34c inhibition effectively reduces
bladder inflammation and contractility through STAT3, CREB, TGF-p1, VEGF, and ROCK2
pathways and likely alleviates the primary symptoms of IC to restore normal UB function.

miR-34 family has been known for tumor suppressive function, including proliferation,
migration, and invasion while promoting senescence and apoptosis [39]. In recent

years several studies have suggested the therapeutic effect of miR-34c¢ in suppressing
atherosclerosis by decreasing the expression of high mobility group box protein 1 [8].
miR-34 family also attenuates pathological cardiac remodeling and improves heart function
[40]. Further, overexpressing miR-34c inhibits radio-resistant nasopharyngeal carcinoma and
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protects against cerebral ischemia-reperfusion injury through anti-inflammatory cytokines
activities [41]. Our data suggest that miR-34c inhibition reduces the inflammatory markers
(STATS, ERK, and TGF-B1) in the UB to suppress inflammation of IC. These data pave the
way for further in-depth studies on the possibility of miR-34c therapeutics for IC and other
inflammatory models.
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Fig. 1. Cyclophosphamide (CYP) induced cystitis alters body weight, urinary bladder weight,
histological, and inflammation score

C57BL/6 control mice (M) received normal saline, (®) received CYP (80 mg/kg body
weight) on alternate days (days 2, 4, 6, 8) by i.p. injections. The body weight of the mice
was recorded every day. (A) shows a representative plot of body weight changes after

CYP induction. Body weight declined in the CYP group compared to control. (B) Mice
were sacrificed after eight days and the wet bladder weight was recorded. The increment

of UB weight in the CYP group was noticed as compared to the control. (C) Histological
microphotographs of UB from CYP-induced and control mice are shown. Mice that received
CYP showed cellular infiltration and reduced lumen space as compared to control mice. (D)
The mean UB inflammation score from CYP-induced cystitis and control is shown in the
plot. All data represent the mean + SEM from three independent experiments involving 5
mice per group (n=5). Asterisks indicate statistically significant differences between control
and CYP-induced cystitis (*p<0.05, »*p<0.01, and ***p<0.001).
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Figure 2. CYP induces inflammatory and mitogen-activated kinase pathways in UB
The urinary bladder from two groups of mice was collected at the experimental endpoint and

tissue homogenate was prepared by centrifugation in lysis buffer (Millipore Sigma, USA).
Inflammatory signalings pathways CREB, JNK, NF-kB, p38, ERK1/2, p70S6K, STATS,
AKT, and STAT3 in the UB tissue homogenate were determined using a Luminex plex
ELISA assay kit (Millipore, Sigma USA). Data represent the MFI (a.u) of inflammatory
pathways + SEM from the three independent experiments. Except for NF-kB, all other
signaling molecules are significantly elevated in the CYP-induced cystitis as compared to
the control group. Asterisks indicate statistically significant differences between control and
CYP-induced groups (ns= not significant p > 0.05, *p < 0.05, »*p<0.01 and ***p<0.001).

Life Sci. Author manuscript; available in PMC 2025 January 01.

= Control
= CYP

=1 Control
= CYP

=3 Control
=1 CYP



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Mandal et al.

Page 16

(B) Dysregulated microRNAs during cystitis
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Figure 3. CYP alters the UBs cell’s miRs expressions
Effect of CYP induction on miRs expression in urinary bladder cells. Changes in

unsupervised hierarchical clustering of differentially expressed miRs in CYP-induced
cystitis versus control mice-derived UB cells reveal divergent pathways. (A) Heat map
showing altered expression of the miRs in UB cells from CYP-induced versus control mice.
Five biological samples were pooled for the miRs analysis, but all validation was performed
in individual samples. (B) Dendrogram generated from ingenuity pathways analysis (IPA)

in the top most dysregulated miRs in UB during CYP-induced cystitis. The red color
indicates an upregulation and the green color indicates a downregulation of miRs expression.
(C) KEGG pathway analysis using Ingenuity software during CYP-induced cystitis miRs
associated with bladder and colorectal cancer.
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Figure 4. Selection and validation of miR-34c after CYP-induced cystitis
(A) Top ingenuity pathways analysis (IPA) overlapping gene ontology and molecular

function. (B) The volcano plot shows overexpression of miR-34c-3p after CYP-induced
cystitis. (C) Quantitative RT-PCR verifying upregulation of miR-34c-5p and miR-34b-3p in
UB after CYP-induced cystitis. Data are expressed as mean + SEM. Statistical significance
was calculated using the Student’s t-test between control and CYP-induced cystitis groups.
(* *p < 0.01) control vs. cystitis.
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Figure 5. Validation of selected miRs by RT-PCR analysis after CYP-induced cystitis
As shown in the figure is quantitative RT-PCR verifying upregulation of miR-212-3p,

miR-449a-5p, and miR-21a-3p and downregulation of miR-376b-3p, miR-376b-5p, and
miR-409-5p in UB after CYP induced cystitis. Data are expressed as mean = SEM.
Statistical significance was calculated using the Student’s t-test. (+p< 0.05 and ** p< 0.01)
cystitis vs. control.
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Fig. 6. miR-34c inhibition alters STAT3, ERK, CREB, STAT5, Akt, JNK, iNOS, and IL-1pB genes
in CYP-induced UB cells

UB cells from CYP-induced cystitis were isolated by regular protocol in our laboratory.
These cells were seeded in triplicate in 6 well plates at a density of 0.2x106/well and treated
with a combination of miR-34c-inhibitor (10nM final concentration) and Lipofectamine
following the manufacturer protocol and incubated for 24 h. Total RNA from each group
was isolated, quantitated, reverse-transcribed into cDNA, and analyzed by qPCR with
primers specific for STAT3, ERK, CREB, STAT5, Akt, INK, iNOS, and IL-1p. Data are
expressed as mean + SEM. Statistical significance was calculated using the ANOVA. (ns=
not significant p > 0.05, *p< 0.05, **p<0.01 and ****p<0.0001).
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Fig. 7. miR-34c inhibition modulates TGF-B1, VEGF, NGF and PIEZO1 expression
UBs from CYP-induced cystitis were isolated and seeded in triplicate in 6 well plates

at a density of 0.2x108/well and, treated with a combination of miR-34c-inhibitor (10nM
final concentration) and Lipofectamine following the manufacturer protocol, and incubated
for 24 h. Total RNA from each group was isolated, quantitated, reverse-transcribed into
cDNA, and analyzed by gPCR with primers specific for TGF-B1, VEGF, NGF, and PIEZO1
expression. Data are expressed as mean = SEM. Statistical significance was calculated using
the ANOVA. (ns= not significant p> 0.05, **p<0.01, ***p<0.001 and ****p<0.0001).
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Figure 8. Differential expression of ROCK1 and ROCK2 in detrusor and alteration of these two
protein expressions in cystitis bladder cell by miR-34c inhibition

Total protein was isolated from whole detrusor and miR-34c inhibitor-treated CYP-induced
cystitis urinary bladder cells (as described in Fig. 6 and 7) by RIPA buffer. Protein
concentration was measured and subjected to immunoblot analysis using antibodies specific
for ROCK1 and ROCK?2. The protein expression was normalized with B-actin expression.
(A, B) Immunoblot images and their relative quantification of ROCK1 and ROCK2 in
detrusor muscle. ROCK1 decreased and ROCK2 increased in detrusor muscle. (C-E)
Immunoblot images and their relative quantification of ROCK1 and ROCK2 in CYP-
induced cystitis bladder cells treated with miR-34c antagomir/inhibitor (miRI). ROCK1
and ROCK?2 expression reversed after miR-34c¢ inhibitor treatment. Asterisks indicate
statistically significant differences between control vs. CYP and CYP vs. miR-34c inhibitor
and control vs. miR-34c inhibitor-treated groups. (ns= not significant p > 0.05, ***p<0.001
and ****p<0.0001).
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The primer sequence of the gene of interest

Table 1.

Primers Forward sequence Reverse Sequence
GAPDH CATCACTGCCACCCAGAAGACTG ATGCCAGTGAGCTTCCCGTTCAG
TGF-B1 | TGATAC GCCTGAGTGGCTGTCT | CAC AAG AGC AGT GAG CGC TGA A
ERK TGGAAGCCATGAGAGATG GGTAGAGGAAGTAGCAGATG
CREB CACAGACCACTGATGGACAGCA AGGACGCCATAACAACTCCAGG
STAT3 AGG AGT CTAACAACGGCAGCCT | GTGGTACACCTCAGT CTCGAAG
IL-1B TGG ACC TTC CAG GAT GAG GACA | GTT CAT CTC GGA GCC TGT AGT G
STATS CTGCTTGCTCAGTCTCTAT GGCTTCCTCTCCACTATTT
Akt CTGCTTTGTCATGGAGTATG CAATCTCCGCACCATAGA
JINK TTGCCTGTCAGCCTTATC GCCTACTGCTCATCCTATC
VEGF CTGCTGTAACGATGAAGCCCTG GCTGTAGGAAGCTCATCTCTCC
NGF GTTTTGCCAAGGACGCAGCTTTC GTTCTGCCTGTACGCCGATCAA
iNOS GAGACAGGGAAGTCTGAAGCAC CCAGCAGTAGTTGCTCCTCTTC
PIEZO1 CCTGGAGAAGACTGACGGCTAC ATGCTCCTTGGATGGTGAGTCC
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Table 2.

Primer catalog no of miRs

Name of the miRs | Catalog no. from Qiagen
hsa-miR-34c-5p YP00205659
mmu-miR-34b-3p YP00205086
mmu-miR-212-3p YP00206022
hsa-miR-449a-5p YP00204481
mmu-miR-21a-3p YP00205400
mmu-miR-376b-3p | YP00205058
mmu-miR-376b-5p | YP00205199
hsa-miR-409-5p YP00204014
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