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Abstract: Background: Partial bladder outlet obstruction (PBO) is a widespread cause of urinary dysfunction and 
patient discomfort, resulting in immense health care costs. Previously, we found that obstruction is associated 
with altered regulation of epigenetic machinery and altered function. Here we examined if PBO and chronic blad-
der obstructive disease (COBD) affect epigenetic marks in a proof of principle gene and explored mechanisms of 
its epigenetic regulation using in vitro models. Methods: Archival obstruction tissues from COBD had been created 
in 200-250 g female Sprague-Dawley rats by surgical ligation of the urethra for 6 weeks, followed by removal of 
the suture and following animals for 6 more weeks. Obstruction (PBO) is the 6-week ligation only. Sham ligations 
comprise passing the suture behind the urethra. Histone3 lysine27 trimethylation (H3K27me3) was studied by im-
munostaining and Chromatin immunoprecipitation (ChIP)/PCR. The interaction of matrix with KCNB2 regulation was 
studied in human bladder SMC plated on damaged matrix and native collagen and treated with vehicle or UNC1999. 
Cells were analyzed by immunostaining for cell phenotype, and western blotting for KCNB2, H3K27me3 and EZH2. 
Effects of conditioned media from these cells were also examined on cell phenotype. siRNA against KCNB2 was 
examined for effects on cell phenotype and gene expression by RT-qPCR. Results: H3K27me3 increased by im-
munofluorescence during PBO, and by ChIP/PCR during COBD in the CpG Island (CGI) as well as 350 bp upstream. 
Obstruction vs. sham also showed an increase in H3K27me3 deposition. In SMC in vitro, EZH2 inhibition restored 
KCNB2 expression and partially restored SMC phenotype. Conclusions: Regulation of KCNB2 at the promoter dem-
onstrated dynamic changes in H3K27me3 during COBD and obstruction. In vitro models suggest that matrix plays 
a role in regulation of EZH2, H3K27me3 and KCNB2, which may play a role in the regulation of smooth muscle 
phenotype in vivo. 

Keywords: Bladder obstruction, potassium channels, epigenetics, matrix biology, smooth muscle, H3K27me3

Introduction

Partial bladder obstruction (PBO) is a condition 
in which there is an obstruction to the flow of 
urine from the bladder, leading to incomplete 
bladder emptying, and primarily affects 50% of 
elderly men who suffer from diseases such as 
prostate hyperplasia [1-3]. This can result in a 
range of symptoms, including frequent urina-
tion, difficulty urinating and weak urine flow. 
The diagnosis of PBO typically involves a combi-
nation of medical history, physical examination, 
and diagnostic tests. Laboratory tests may in- 
clude a urinalysis to check for signs of infection 

or inflammation, uroflowmetry to assess the 
urine flow, as well as blood tests to assess kid-
ney function. Imaging tests such as ultrasound 
or cystoscopy may also be used to visualize the 
bladder and assess the degree of obstruction. 
Patients with PBO may experience symptoms 
such as urinary hesitancy, dribbling, or reten-
tion, as well as discomfort or pain in the lower 
abdomen or pelvic region, otherwise known as 
lower urinary tract symptoms (LUTS) and com-
plications, such as frequency, urgency, noctu-
ria, and urinary incontinence [1, 2]. There may 
also be an increased risk of bladder stones or 
urinary tract infections. The treatment of PBO 
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depends on the underlying cause and severity 
of the obstruction. Mild cases may be managed 
with medication, such as alpha-blockers, which 
relax the smooth muscle of the bladder and 
urethra, allowing for better urine flow. More 
severe cases may require surgical intervention, 
such as transurethral resection of the pros- 
tate or bladder neck incision, to remove the 
obstruction. 

With appropriate management, most patients 
can expect to experience a significant improve-
ment in symptoms and quality of life. However, 
in cases where the obstruction is left untreat-
ed, there is a risk of complications such as 
chronic kidney disease or bladder damage.

Indeed, PBO induces structural and functional 
bladder remodeling and is distinguished by the 
establishment of an inflammatory response, 
smooth muscle hypertrophy, accumulation of 
the extracellular matrix (ECM) [4, 5], and later, a 
decompensation of the bladder itself [2, 6, 7]. 

Previous research conducted by our laboratory 
has shown DNA methylation to be a key player 
in the pathophysiology and downstream signal-
ing of PBO, due to its effects on the genetic 
expression of certain obstruction-induced gr- 
owth factors [8]. Matrix in particular was seen 
to augment expression of DNA methyltransfer-
ase enzymes and modify SMC phenotype 
through epigenetic mechanisms [9]. In addi-
tion, DNA methylation inhibition alters the 
genetic expression of brain-derived neurotro- 
phic factor (BDNF), both in vitro and in vivo, 
increasing its expression during PBO while de- 
creasing particular isoforms during de-obstruc-
tion (or Chronic obstructive bladder disease or 
COBD) [8, 10]. In turn, the expression of spe- 
cific BDNF variants associates with specific 
pathophysiologic changes in the bladder. 

However, one gene KCNB2 was consistently 
downregulated during both obstruction and 
COBD [8, 10], but the mechanisms and down-
stream consequences of this are relatively 
unknown. 

While DNA methylation is a key epigenetic 
mechanism in gene silencing and gene re- 
gulation in response to environmental cues  
[9, 11, 12], histone 3 lysine 27 trimethylation 
(H3K27me3) is another major mechanism of 
epigenetic gene repression. Enhancer of Zest 

Homologue 2 (EZH2) is the main catalytic 
enzyme in the polycomb repressive complex 2 
(PRC2) contributing to H3K27me3. In develop-
ment and UTI models, EZH2 is known to play a 
crucial role in urothelial growth and differentia-
tion [13, 14]. EZH2 or PRC2 activity has been 
associated with matrix production and remod-
eling in other diseases [15-17]. Here we exam-
ined the interaction of H3K27me3 deposition 
and matrix on KCNB2 expression during PBO 
and COBD, and SMC marker expression.

Methods

Partial bladder outlet obstruction and de-
obstruction of animal models, and bladder 
pathophysiology readings

Archival adult female (200 to 250 g, 10 to 12 
weeks old) Sprague-Dawley rats (Charles River 
Laboratories, Wilmington, MA) had been ran-
domized into either PBO, COBD or sham groups 
as illustrated in Supplementary Figure 1 [10, 
18]. PBO and COBD underwent the same surgi-
cal procedure that involved ligation of the ure-
thra at the level of the bladder neck using a silk 
tie over a 0.9 mm rod to ensure that the urethra 
was not obliterated. Shams underwent a con-
trol surgery where the suture was passed be- 
hind the urethra, but not tied. PBO, COBD and 
shams were followed for 6 weeks, the timeline 
in which bladder obstruction developed, and 
were assessed for bladder pathophysiology 
(e.g., voiding patterns, bladder mass, residual 
volumes, bladder efficiency). The animals were 
kept in a housing area maintained between 
20-26°C, with a relative humidity of 40-70%, 
the lighting set on a 12-hour light/dark cycle, 
minimum noise and adequate ventilation. After 
6 weeks, COBD and shams underwent de-
obstruction surgery that involved removal of 
the previously tied silk suture for COBD and 
simple open and closure of previous wound for 
shams, and were followed for another 6 weeks 
in the release phase (allowing for manifestation 
of COBD in the respective group), while PBO  
rat bladders were harvested. After the 6-week 
release period, bladder pathophysiology asse- 
ssments were carried out, after which bladders 
were harvested within 1-2 days from the COBD 
and sham groups. Sample numbers for each 
treatment group are as follows: PBO = 8, COBD 
= 16, sham (12W) = 9. Bladder pathophysiolo-
gy analysis was performed in a metabolic cage 
set-up and measured with LoggerPro software 
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version 3.9 (Vernier Software & Technology, 
Beaverton, OR) to confirm changes consistent 
with obstruction on non-invasive urodynamics 
in PBO and COBD animals (see Supplementary 
Table 1 for the archival subset) [8, 10]. The  
animal care committee of The Hospital for  
Sick Children Research Institute approved this 
study. 

Culture on native and heat-denatured collagen 
and treatments

Glass-bottomed multi-well plates were coated 
with 2.3 mg/mL heat-denatured type I bovine 
collagen (Elastin products company, Owens- 
ville, MO). Matrices were equilibrated in EMEM 
(Wisent, ST-BRUNO, Québec) with antibiotic/
antimycotic (Wisent) without serum prior to 
plating cells onto the gels. Cells were plated on 
denatured collagen (DNC) at a density of 5 × 
103 cells/mL on 96 well plates or 1 × 104 cells/
mL on 24 well plates in 2% fetal calf serum 
(Wisent) for 2 hours prior to addition of vehicle 
(DMSO), UNC1999 (1 μM, Tocris, Abingdon, 
United Kingdom), or GSK J4 (0.4 μM, Tocris) 
over an additional 46 hours. For Western exper-
iments, cells were also plated on native type I 
collagen gels that were generated by neutraliz-
ing the collagen in 10 mM NaOH in 1X PBS, 
then incubating at 37°C. 

RNA isolation, cDNA synthesis and real-time 
qPCR

RNA was isolated using the miRNeasy Mini Kit 
(Qiagen, Hilden, Germany), with bladder homog-
enization steps performed at 4°C using a refrig-
erated Bullet Blender (Next Advance, Troy, NY), 
and steel 0.3 to 1.5 mmol/L pellets for several 
5-minute intervals at setting 8. RNA quality and 
quantity were measured using the Nanodrop 
2000/2000c program, and also by Agilent 
BioAnalyzer (TCAG Department, Hospital for 
Sick Children, Toronto, Canada). cDNA synthe-
sis from RNA samples was performed using  
the qScript cDNA Synthesis Kit (QuantaBio, 
Beverley, MA), and cDNA quality/quantity was 
measured using the Nanodrop 2000/2000c. 
SsoAdvanced Universal SYBR Green Supermix 
(Biorad, Hercules, CA) or AzuraView GreenFast 
qPCR Blue Mix (Froggabio, Toronto, Ontario) 
were utilized for amplification of 2 uL of cDNA 
or genomic DNA (in ChIP/PCR) at the tempera-
tures indicated in the Supplementary Table 2. 
Several reference genes were utilized for opti-

mal normalization through the ΔΔCt method,  
as previously [8] (See Supplementary Table 2 
notes). Primers for EZH2, BDNF, CTGF and 
KCBN2 (Supplementary Table 2) were used for 
Real-time qPCR analysis of the cDNA samples 
on the ViiA 7 Real-Time PCR System and soft-
ware (Thermofisher, Waltham, MA). The ΔΔCt 
analysis of the results was carried out by  
normalization against the reference genes. 
Percentage input and fold-enrichment analysis 
of the genomic BDNF and KCNB2 profiles was 
performed for ChIP/PCR.

Immunofluorescent staining and confocal 
microscopy

As performed in previous literature [8], bladder 
cryosections or bladder smooth muscle cells 
(bSMC) were fixed in 4% paraformaldehyde 
(VWR, Mississauga, Ontario), washed in PBS 
three times, permeabilized by 0.2% Triton-X100 
for 10 minutes, washed again and blocked 
(Block = 1 mg/mL BSA, 5% normal goat serum, 
5% normal donkey serum (Jackson Immuno- 
labs, West Grove, PA), 0.1% Tween 20, 1X PBS). 
Primary antibodies were added in block over-
night at 4°C for the following: H3 Lysine 27 tri-
methylation (H3K27me3, Active Motif, Carls- 
bad, CA), smooth muscle actin (SMA or ACTA2, 
Sigma-Aldrich, St. Louis, MO), DNMT3a, Fibro- 
nectin1 (FN1, Sigma-Aldrich), calponin (Prote- 
intech, San Diego, CA), potassium voltage-gat-
ed channel subfamily B member 2 (KCNB2, 
Alomone, Haifa, Israel), phospho-serine 1 myo-
sin light chain (ser1-MLC, ECM Biosciences, 
Versailles, KY). After washing 3 times in 1XPBS, 
secondary antibodies were added in block as 
indicated in Figure legends (Alexa-488-donkey 
anti-rabbit, Cy3-donkey anti-mouse, Alexa-647-
donkey-anti-rabbit, cross-absorbed Fab’, Jack- 
son Immunolabs), washed and stained for nu- 
clei with 4’,6-diamidino-2-phenylindole (DAPI, 
Sigma-Aldrich). Immunostaining was visualized 
on a spinning confocal microscope (Olympus 
IX81), equipped with a Hamamatsu camera, 
spectral borealis lasers. Micrographs were  
analyzed with the Volocity software (ver. 6.2, 
Perkin-Elmer, Waltham, MA) for measuring in- 
tensity and counting DAPI positive cells as the 
number of nuclei. 

Western blotting

As performed in previous research [8], cells 
from collagen gels were lysed in 0.1% Triton 
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X-100 with PBS and protease inhibitors. This 
was followed by quantification of cell and tissue 
lysates using the Pierce protein quantification 
kit (Thermofisher). 10-50 ug of protein were 
electrophoresed in 8-10% polyacrylamide gels, 
and electro blotted onto PVDF membranes. 
Membranes were blocked in Bovine serum 
albumin plus Skim milk (both from Bioshop, 
Burlington, Ontario, Canada) and incubated 

H3K27me3 nuclear intensity increases during 
PBO and COBD, alongside changes in H3K-
27me3 deposition at KCNB2

By immunostaining, H3K27me3 intensity in the 
nucleus of smooth muscle cells was increased 
in PBO and COBD vs. sham (Figure 1A). By 
ChIP/PCR, H3K27me3 marks, at the promoters 
of a highly downregulated gene KCNB2 [10, 

Figure 1. H3K27me3 nuclear intensity and expression profiles for KCNB2 
and BDNF genes in Sham, PBO and COBD bSMC states. A. Immunofluores-
cent staining of bladder smooth muscle tissue was performed for analy-
sis of detrusor region ACTA2 and H3K27me3 expression profiles in Sham, 
PBO and COBD. PBO tissue demonstrates a loss of ACTA2 expression, but a 
slight increase in H3K27me3 deposition compared to Sham tissue. COBD 
states show similar expression of SMA to Sham, but increased expression 
of H3K27me3 in comparison to PBO tissue. White bar = 90 microns. B. 
Fold-enrichment analysis of H3K27me3 ChIP/PCR fold enrichment in the 
upstream, downstream and CGI genomic regions of KCNB2, across Sham, 
PBO and COBD tissue states. There is a significant increase in H3K27me3 
deposition in the CGI and 350 bp upstream regions in COBD vs. sham. PBO 
bladder tissue was also increased in H3K27me3 deposition in the region 
350 bp upstream, by 1-tailed t-test. While in the 57 bp upstream region, 
both PBO and COBD tissue had higher H3K27me3 deposition though due 
to the variability of this increase it was not significant. #, one-tailed t-test, 
P<0.05; 2-tailed t-test, *, P<0.05. 

with primary antibodies for 
H3K27me3, EZH2 (Cell Signa- 
ling Technology, Danvers, MA), 
KCNB2 (Alamone), Fibronectin 
1 (FN1, Proteintech) or pan-
Actin (Sigma-Aldrich). After wa- 
shing in TBST, blots were incu-
bated with the secondary anti-
rabbit or anti-mouse antibod-
ies, conjugated to HRP (Cell 
Signaling Technology). Blots 
were developed using ECL and 
ECL chemiluminescent film (GE 
Healthcare, Little Chalfont, Un- 
ited Kingdom). Autoradiogra- 
phs were scanned and ana-
lyzed on Image J.

Statistical analysis

The data was expressed as 
means (barplots) or median 
with quartiles values (box and 
whisker plots). Analysis of vari-
ance was performed prior to 
post hoc t-tests, with P<0.05 
considered significant, on R 
software (version 4.1.3) with 
the ‘stats’ package (see Sup- 
plementary Materials). Where 
PCR values spanned over a 
logarithmic scale, ΔΔCt sam-
ple values were utilized for 
analysis of variance and post 
hoc t-tests. Where distribution 
was not normal, a post hoc 
non-parametric Kruskal’s t-test 
was utilized. Where variances 
were unequal, Welch’s t-test 
was performed (R scripts for 
the specific analysis methods 
provided in Supplementary 
Materials). The mean ± SE are 
presented in the text.

Results
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18], were differentially methylated during both 
COBD and PBO (Figure 1B). H3K27me3 deposi-
tion increased during both PBO and COBD in 
the region 350 bp upstream of the CGI, where-
as the H3K27me3 in the CGI remained higher 
only in COBD, P<0.05 vs. sham or PBO. At 57 bp  
upstream, variability in H3K27me3 resulted in 
only trends in increased deposition in COBD 
and PBO. ChIP/PCR for H3K27me3 deposition 
in an upregulated gene, BDNF, showed a mild 
decrease in COBD but not PBO (Supplementary 
Figure 2). 

FN1 deposition increased in the detrusor dur-
ing PBO and COBD vs. sham

Both PBO and COBD have been associated 
with changes in the matrix [19] and phenotype 
of the bladder smooth muscles, including loss 
of differentiation markers such as SERCA2, 
MYH11-SMB and myocardin [20-23]. Therefore, 
we examined FN1 and ACTA2 expression by 
immunostaining of sham, PBO and COBD cryo-
sections. We found a significant increase in 
FN1 deposition in the muscle regions of the 
bladder during both PBO and COBD compared 
to sham (Figure 2A, 2B). FN1 distribution in the 
detrusor appears to increase not only around 
the bundles but also within muscle bundles of 
the detrusor region. We then examined if FN1 
expression in bladder SMC could be regulated 
by the downregulation of KCNB2 which we pre-
viously saw [8, 10, 18], or its related gene 
KCNB1, by siRNA depletion. KCNB2 depletion 
led to a significant increase in FN1 mRNA 
expression, P<0.05 (Figure 2C). 

Matrix-regulated EZH2 activity alters KCNB2 
expression and smooth muscle phenotype

As altered matrix is commonly found in both 
obstruction and COBD, and causes de-diffe- 
rentiation of bladder SMC [9, 19, 24], we exam-
ined if damaged matrix affects expression  
of KCNB2. KCNB2 expression decreased in 
human SMC plated on damaged collagen ma- 
trix (DNC) compared to native collagen (NC), by 
immunofluorescence and western (Figure 3A, 
3B; Supplementary Figure 3). Calponin staining 
also decreased in SMC on denatured collagen 
(Figure 3). We inhibited trimethylation and 
demethylation of H3K27 with pharmacologic 
agents, UNC1999 and GSK J4, respectively. 
UNC1999 treatment augmented KCNB2 ex- 
pression on damaged matrix (Figure 3A, 3B), 
although its effect on NC was reversed. Com- 

pared to native collagen, damaged matrix 
upregulated both H3K27me3 levels and EZH2 
expression (Figure 3A, 3C), which were decre- 
ased by the inhibitor UNC1999 (Figure 3A). 
Damaged matrix also increased EZH2 mRNA 
expression compared to native collagen gels.  
In contrast, GSK J4 treatment, which inhibits 
demethylase activity at H3K27 (promoting re- 
tention of repressive marks), did not have any 
effect on KCNB1/2 expression compared to 
vehicle, although it also increased calponin 
expression (Figure 3B). 

EZH2 and H3K27me3 activity affected cell 
phenotype and KCNB2 expression

On denatured collagen matrix, which is analo-
gous to the interstitial tissue of the bladders 
with PBO and COBD, the expression of H3K27- 
me3 as well as its methylator EZH2 was high 
and the expression of KCNB2 was low (Figure 
3A). Addition of EZH2 inhibitor UNC1999 not 
only suppressed EZH2 and H3K27me3 but  
also rescued KCNB2 (Figure 3A, 3B). Similarly, 
UNC1999 was also associated with increased 
expression of calponin and cell hypertrophy 
(Figure 3B). DNC vs. native collagen also led to 
an increase in EZH2 mRNA expression (Figure 
3C). 

Conditioned media from DNC-plated cells 
contained FN1

As fibronectin secreted by SMC can be modu-
lated by the microenvironment [25, 26], we 
assessed FN1 in the media of DNC treated 
cells. FN1 levels in the conditioned media of 
cells plated on damaged matrix were higher 
than in conditioned media from NC-plated  
cells (Figure 4A, Supplementary Figure 3). FN1 
deposition could also be clearly visualized 
around cells plated on DNC vs. NC (Figure 4B). 

Conditioned media from DNC-plated cells 
altered SMC phenotype

As our previous work demonstrated a role for 
damaged matrix (DNC) in SMC differentiation 
[9, 24], we tested if the CM from DNC vs. 
NC-plated cells could cause de-differentiation 
in naive cells plated on native collagen. Con- 
sistent with previous work, DNC vs. NC induced 
an increase in both cell counts and staining 
intensity of an acontractile marker, phospho-
serine-1-MLC (Figure 4C). When we added CM 
from DNC-plated cells to naive cells on native 
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collagen, this DNC-CM also increased cell 
counts above NC-CM treatment of naive cells 
on NC. DNC-CM effects on NC-plated naïve 
cells were not significantly different from DNC 
veh cells (plated on DNC without any added 
CM) in cell counts and staining intensity. 

FN1 secretion into conditioned media of DNC-
plated cells depended on EZH2 activity

UNC1999, the inhibitor of EZH2 activity, pre-
vented the secretion of FN1 into media from 
cells plated on damaged matrix (Figure 4D). 

Expression levels of FN1 were low and similar 
with and without UNC1999 in cells plated on 
NC matrix. 

KCNB2 dependent gene expression revealed 
reciprocal control of EZH2 gene expression

While EHZ2 activity played a role in decreasing 
KCNB2 expression, we examined if KCNB2 
could in turn affect EZH2 expression. Using 
siRNA KCNB2 depletion, we found that down-
regulation of KCNB2 but not KCNB1 elevated 
EZH2 mRNA expression, P<0.05 (Figure 4E). 

Figure 2. Effect of KCNB2 (siRNA) on FN1 expression. A. Immunofluorescent staining of bladder smooth muscle 
tissue for analysis of FN1 deposition in control, PBO, and COBD samples upon KCNB2 siRNA and BDNF treatments. 
FN1 expression in PBO states is significantly increased compared to Sham tissue, and also demonstrates blad-
der smooth muscle cell (bSMC) hypertrophy amongst the tissue. White bar for FN1+nuclei and nuclei stains = 90 
microns. B. Intensity analysis for FN1 deposition per µm2. Staining for FN1 was most intense in PBO tissues. COBD 
tissue also shows a significant increase in FN1 expression. However, in COBD tissues show slightly less expression 
of FN1 and less bSMC hypertrophy than PBO tissues. C. KCNB2 siRNA increases FN1 deposition human bladder 
smooth muscle cells (*, P<0.05).



EZH2 in bladder obstruction and smooth muscle

299 Am J Clin Exp Urol 2023;11(4):293-303

Figure 3. Damaged matrix increased EZH2 expression and H3K27 trimethylation while reducing KCNB2 expression 
and SMC differentiation. A. Western blotting for EZH2, H3K27me3 and KCNB2 in native collagen (NC) matrix and 
damaged (denatured) matrix (DNC) matrix upon UNC1999 treatment, with pan-actin expression as the control, 
showed that KCNB2 expression in SMC on NC is diminished upon addition of UNC1999 treatment, whereas expres-
sion H3K27me3 and EZH2 expression remains unchanged. However, the DNC matrix demonstrates an absence 
of H3K27me3 and EZH2 expression upon UNC1999 treatment, with a recovery of KCNB2 expression. B. Bladder 
smooth muscle cells plated on DNC were stained immunofluorescently for KCNB2 and Calponin expression in vehi-
cle, UNC1999 treatment (EZH2 inhibition/H3K27me3 suppression), and GSK J4 treatment (H3K27me3 demethyl-
ase inhibition). Vehicle treatment demonstrates no expression of KCNB2, as well as minimal expression of Calponin 
and relatively small cell size. In contrast, UNC1999 treatment demonstrates significantly increased expression of 
KCNB2 and cell hypertrophy. While the GSK J4 treatment shows similar KCNB2 expression levels as Vehicle, cell 
hypertrophy as shown through the elongated cells also appears increased in comparison to UNC1999 treatment. 
White bar for Vehicle, UNC1999 and GSK J4 stains = 90 microns. KCNB1/2 expression (per field µm2) in each treat-
ment. C. Relative EZH2 transcription in SMC plated on DNC vs. NC are increased. 
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We also examined if a major dysregulated  
gene during obstruction and COBD, BDNF, also 
changed in expression by siRNA KCNB2. The 
siRNA targeting both KCNB1 and 2 caused an 
increase in BDNF expression greater than 
1000-fold, ***, P<0.005 using -ΔΔCt values 
(Figure 4F). ΔΔCt values were utilized as the 
logarithmic scale is more appropriate for 
assessing large differences in expression bet- 
ween groups. CTGF, another gene often co-reg-
ulated with BDNF was also upregulated by 
knockdown of KCNB2 (Supplementary Figure 
4). 

Discussion

H3K27me3 is a highly repressive epigenetic 
mark for cell-type specific gene expression25. 
Our results showed that H3K27me3 levels in 
the nucleus were globally increased by immu-
nostaining in both PBO and COBD states. In the 
KCNB2 locus, PBO and COBD demonstrated 
higher levels of H3K27me3. In vitro, KCNB2 
expression in bladder smooth muscle cells 
decreased on damaged matrix (DNC), which 
can be considered a cognate to the matrix envi-
ronment of chronic obstructive bladder dis-
ease. This loss of KCNB2 was recovered by 
inhibiting H3K27 trimethylation (Figure 3A-C), 
demonstrating a functional role for EZH2 in 
down-regulation of KCNB2. Interestingly, there 
was a link between the downregulation of 
KCNB1/2 and upregulation of BDNF expression 
(Figure 4F), which we have previously shown to 
have increased levels of BDNF. EZH2 itself 
(Figure 4E) as well as CTGF (Supplementary 
Figure 4) were also upregulated by KCNB2 but 
not KCNB1 siRNA, suggesting that KCNB2 has 
an effect separate from KCNB1, with potential 
to regulate a network of genes. 

Damaged matrix also elicited secretion of high 
levels of FN1 into the conditioned media, which 
was also deposited on SMC (Figure 4A, 4B). 
This was consistent with the switch to a secre-
tory type of SMC. The secreted factors of the 
conditioned media which included FN1 had 
multiple effects on SMC phenotype, including a 
rise in cell number and loss of contractile mark-
ers. FN1 may be just one of many secreted fac-
tors, but is known to have RGD epitopes and 
can elicit proliferation in bladder and other 
SMC [27-29]. Furthermore, the secretion of FN1 
into the media was blocked by EZH2 inhibitor 
UNC1999 (Figure 4D). As FN1 in the bladder 
has not been highly studied, with much of the 
matrix focus on collagen expression. However, 
recent work by our lab showed that one of  
the most upregulated genes early in bladder 
obstruction is FN1 (Sidler Submitted, Biorxiv 
here: [30]). This work shows that FN1 dysregu-
lation appears to continue on into chronic 
obstruction, and has an epigenetic underpin-
ning at least in part through KCNB2 dysregula-
tion by EZH2, thereby increasing the secretion 
of FN1 in bladder SMC. It will be of interest in 
future to examine what kind of secretory phe-
notype is being induced and further understand 
its epigenetic regulation. 

While we focused on FN1 as the most highly 
upregulated matrix protein, other ECM proteins 
may be of interest to study in the future. In par-
ticular, Col4a1 and Col4a2 are upregulated in 
mouse (Sidler et al., Submitted, please refer to 
BioRxiv [30]), consistent with work by Ekman et 
al., 2013 [32], where the expression and distri-
bution of collagen 4 was altered. Other colla-
gens were also upregulated in our mouse data-
set (e.g., Col7a1, Col17a1 and Col24a1). Col7a1 
and Col24a1 can form triple helical fibrils, while 

Figure 4. Effects of conditioned media (CM) on cell phenotype. A. Western Blotting of FN1 from CM of cells plated 
on NC/DNC for 24 hours. The DNC-CM contained higher FN1 levels than the NC-CM. B. Immunofluorescent stain-
ing of DNMT3a and FN1 in bSMC plated on NC and DNC matrices, demonstrated increased expression of both 
DNMT3a and FN1 in the DNC matrix compared to the NC matrix. White bar for NC and DNC stains = 45 microns. C. 
Immunofluorescent staining for MLC-Ser1-P of SMC in 4 conditions: SMC plated on (1) NC (NC Veh); (2) DNC matri-
ces (DNC Veh); (3) NC treated with NC-CM (NC recipient cells treated with CM from NC cells); or (4) NC treated with 
DNC-CM (NC recipient cells treated with CM from DNC cells). DNC Veh shows higher expression of MLC-Ser1-P in 
comparison to the NC Veh. MLC-Ser1-P expression also significantly increased in NC DNC-CM cells, suggesting that 
DNC-CM has a similar effect to DNC alone. However, there is slight recovery of MLC expression in NC NC-CM treat-
ment cells, which contrasts with the NC Vehicle treatment. DNC Vehicle cells demonstrate a significant increase in 
cell number, which is also reflected in NC DNC-CM treatment cells. D. SMC plated with or without UNC1999 on NC 
or DNC produce conditioned media with differential FN1 content. Similar low levels of FN1 expression are produced 
by cells plated on NC, regardless of treatment (NC-CM). However, FN1 secretion is increased in cells plated on DNC 
(in the DNC-CM) but not when cells were treated with UNC1999, indicating a loss of FN1 secretion upon EZH2 
suppression/loss of H3K27me3. E. SMC electroporated with siKCNB1 or 2, demonstrated increased expression of 
EZH2 after 24 hours culture, P<0.05. F. These same cells showed exponentially increased panBDNF expression in 
the siKCNB2 treatment vs. control, *P<0.005. 
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Col17a1 is a transmembrane protein that links 
intracellular elements to the ECM. As collagen 
types 4, 7 and 24 are secreted, they could be 
examined for effects on SMC phenotype and 
function in future studies. 

However, it is important to note that inhibiting 
and activating H3K27 trimethylation had simi-
lar effects on calponin expression (Figure 3). 
This highlights the complexity of using broad 
epigenetic inhibitors as they can affect multiple 
groups of regulators in different ways yet end 
up with similar effects on phenotype. In this 
particular case, however, we can see that 
KCNB2 itself appears to be a crucial regulator 
of EZH2 activity and BDNF expression. This 
potential for reciprocal regulation opens up the 
possibility of a feedback loop whereby down-
regulation of KCNB2 by EZH2 may also increase 
EZH2 expression, and in turn cause further 
decreases in KCNB2. Given the upregulation of 
FN1 by siRNA against KCNB2 (Figure 2C), this 
type of positive feedback may be important  
to identify in the development of long-lasting 
matrix changes in chronic bladder disease  
[4, 5, 31] which does not revert back easily 
despite release of the obstruction. Uncovering 
these positive regulation connections will open 
up potential beneficial therapies that arrest 
their continued activation. 
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Supplementary materials: Statistical process in R ‘stats’ for determining significance of the data.

## Determine significance of data by analysis of variance with linear model

lm_fit<- lm (y~x, data = the_data)
res.aov<-anova (lm_fit)
aov_residuals <- residuals (object = res.aov)

##Test for normality: Shapiro-Wilk’s test
shapiro.test (x = aov_residuals)

# test for equal variance
bartlett.test (y~x, data = the_data)

# for unequal variances, use Welch’s t.test:
test.welch (y~x, data = the_data)

#if normality and variance are normal, use regular Student’s t.test:
t.test (y~x, data = the_data, var.equal=TRUE, conf.level=0.95)

#if variance not homogenous, use Kruskal-Wilks test
kruskal.test(y~x, data = the_data)

Supplementary Figure 1. Schematic of obstruction and de-obstruction treatments, and bladder physiology read-
ings in PBO, COBD and Sham rats [8, 10]. These models provided the archival tissues for DNA ChIP analysis and 
immunostaining. 



EZH2 in bladder obstruction and smooth muscle

2 

Supplementary Table 1. Non-invasive bladder functional monitoring from a set of archival samples of 
de-obstructed and obstructed [8, 10] 
Surgery 
type

Total no. 
voids

No. small/
total voids

Residual Vol 
(mL) 

Bladder 
mass (mg)

Maximum  
voiding fraction

Mean voiding 
fraction

Mean VV 
(mL)

Bladder  
Capacity (mL) 

sham 9 ± 1.166 0.18 ± 0.095 0.09 ± 0.037 110 ± 4.3 0.87 ± 0.054 0.50 ± 0.066 0.56 ± 0.11 0.94 ± 0.12
PBO 12.5 ± 3.8 0.29 ± 0.18* 5.42 ± 1.3** 430 ± 77** 0.21 ± 0.080** 0.13 ± 0.06** 0.67 ± 0.23 6.6 ± 1.2**

COBD 7 ± 0.894 0.17 ± 0.068 0.12 ± 0.021 180 ± 9.5** 0.82 ± 0.16 0.40 ± 0.048* 0.73 ± 0.086 2.0 ± 0.28*

*, p<0.05; **, p<0.01, student’s t-test.

Supplementary Table 2. RT-PCR and ChIP genomic KCNB2 Primers, sequence or reference and an-
nealing temperatures
Primer name Sequence (5’-3’) Temperature
ChIP rat KCNB2 350 bp upstream for CCCCAGCTTTGGGGTGTAAT 65
ChIP rat KCNB2 350 bp upstream rev ACACGCAATGTTTCGACTGC
ChIP rat KCNB2 56 bp upstream for CCTGACATATGGCCACGGAG 65
ChIP rat KCNB2 56 bp upstream rev TAGCCGCCAACACAGAAAGG
ChIP rat BDNF for CCCTGGAACGGAATTCTTCT 65
ChIP rat BDNF rev GATACCTCCTCTGCCTCGAA 
mRNA hu FN1 for GGTGACACTTATGAGCGTCCTAAA 60
mRNA hu FN1 rev AACATGTAACCACCAGTCTCATGTG
Primers and conditions for human EZH2, human panBDNF, human CTGF, human B2M, human RPL13, human HPRT, human 
UBC, rat RPL32, rat HPRT, rat B2M and rat beta-actin were previously published with Sidler et al., 2018, 2021 [8, 10] and Ting 
et al., 2016 [13].

Supplementary Figure 2. Percentage input analysis of BDNF Exon IV Transcription Start Site (TSS) region H3K-
27me3 expression profile. PBO and Sham tissues show similar expression of H3K27me3 in BDNF Exon IV TSS. 
However, COBD shows a significant decrease in H3K27me3 expression levels, indicating a lack of repression of 
BDNF in COBD tissues. This also correlates function and expression of BDNF. 
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Supplementary Figure 3. Complete autoradiographs for Western blots for Figures 3A, 4A and 4D. A. Western Blot-
ting of FN1 from CM of cells plated on NC/DNC for 24 hours. The DNC-CM contained higher FN1 levels than the 
NC-CM. B. SMC plated with or without UNC1999 on NC or DNC produce conditioned media with differential FN1 
content. Similar low levels of FN1 expression are produced by cells plated on NC, regardless of treatment (NC-CM). 
FN1 secretion is increased in cells plated on DNC (in the DNC-CM) but not when cells were treated with UNC1999, 
indicating a loss of FN1 secretion upon EZH2 suppression/loss of H3K27me3. C. KCNB2 expression in replicates 
with and without UNC1999 treatment on NC vs. DNC substrates. D. A replicate from C showing H3K27me3 loss 
with UNC1999 treatment on DNC. E. A replicate from C with EZH2 increased on DNC vs. NC vs. pan-actin in lower 
lane. The TC (tissue culture) and stretched samples on this gel were not included in this paper. MW = colorimetric 
molecular weight lane. The MW lane showed some background reactivity at one MW marker.
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Supplementary Figure 4. CTGF expression in KCNB2 depleted (by siRNA) cells was significantly upregulated, P<0.01 
on delta-delta ct values, as the logarithmic scale is more appropriate for large differences in expression. 


