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Caveolins (CAVs) are structural proteins of caveolae that function as signaling platforms to regulate
smooth muscle contraction. Loss of CAV protein expression is associated with impaired contraction in
obstruction-induced bladder smooth muscle (BSM) hypertrophy. In this study, microarray analysis of
bladder RNA revealed down-regulation of CAV1, CAV2, and CAV3 gene transcription in BSM from models
of obstructive bladder disease in mice and humans. We identified and characterized regulatory regions
responsible for CAV1, CAV2, and CAV3 gene expression in mice with obstruction-induced BSM hyper-
trophy, and in men with benign prostatic hyperplasia. DNA affinity chromatography and chromatin
immunoprecipitation assays revealed a greater increase in binding of GATA-binding factor 6 (GATA-6)
and NF-kB to their cognate binding motifs on CAV1, CAV2, and CAV3 promoters in obstructed BSM
relative to that observed in control BSM. Knockout of NF-kB subunits, shRNA-mediated knockdown of
GATA-6, or pharmacologic inhibition of GATA-6 and NF-kB in BSM increased CAV1, CAV2, and CAV3
transcription and promoter activity. Conversely, overexpression of GATA-6 decreased CAV2 and CAV3
transcription and promoter activity. Collectively, these data provide new insight into the mechanisms
by which CAV gene expression is repressed in hypertrophied BSM in obstructive bladder disease.
(Am J Pathol 2019, 189: 847e867; https://doi.org/10.1016/j.ajpath.2018.12.013)
Supported by NIH grants R01DK100483 (E.B.) and R01NIDDK035385
(S.R.); and Thomas Jefferson University Sidney Kimmel Cancer Center
grant 5P30CA056036-17.

Disclosures: None declared.
Caveolae are 50- to 100-nm (diameter) flask-shaped in-
vaginations of the cell plasma membrane; they contain high
levels of sphingolipids and cholesterols, and are present in
muscle, endothelia, and adipocytes.1e3 Caveolae have been
shown to be necessary for multiple cellular processes, which
include transcytosis, lipid metabolism, and receptor traf-
ficking.3,4 Caveolins (CAVs) are a family of 21- to 24-kDa
integral membrane proteins involved in the formation of
caveolae-rich membrane domains5 with three mammalian
isoforms identified as CAV1, CAV2, and CAV3.5 CAV1
and CAV2 are widely expressed, whereas CAV3 is found
predominantly in skeletal, cardiac, and smooth muscle cells
(SMCs).5 All three isoforms of CAV proteins are detected in
stigative Pathology. Published by Elsevier Inc
bladder smooth muscle (BSM).6 Caveolae are also charac-
terized by the presence of recently described cavin family
members; interaction of CAV1 and cavin-1 at the plasma
membrane is required for caveolae formation.7,8 Previous
studies have established that these specialized lipid micro-
domains are involved in the compartmentalization of several
signaling elements, such as growth factors, G-pro-
teinecoupled receptors, Src family protein kinases, and
. All rights reserved.
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nitric oxide synthases, all of which can interact with CAV
proteins and with caveolae.9,10

Previous studies have suggested a role for caveolae in
smooth muscle signaling, and loss of CAV1 in these cells
leads to failure of caveolae formation.11 Both CAV1 and
CAV3 can induce caveolae formation, whereas CAV2 re-
quires CAV1 to reach the plasma membrane.2,12 CAV3 is
required for the assembly of membrane caveolae.13 CAV2
interacts with CAV1 and forms hetero-oligomeric complexes
within caveolae. All three isoforms of CAV genes are
expressed in bladder and vascular SMCs. CAV1, CAV2, and
CAV3 proteins interact with each other to form an oligomeric
complex that lines the membranes and provides structural
stability to the inverted u-shaped membrane invaginations.14

Loss of CAV1 gene expression has been shown to impair
smooth muscle contraction in bladder and airways.14e16 Loss
of CAV1 is associated with disruption of M3 muscarinic
acetylcholine receptor activity in bladder and serotonergic
and cholinergic activity in airways.16,17 CAV3 expression is
associated with contractile protein expression in rat aortic
SMCs, and loss of CAV3 is associated with down-regulation
of myocardin, which has been shown to be important for the
smooth muscle contractile phenotype.18,19 Caveolae modu-
late receptor-mediated contractile responses in the bladder,
and the expression of all three CAV proteins in BSM sup-
ports a central role for caveolae in the regulation of selective
G-proteinecoupled receptor signaling.14,17,20 Earlier studies
have described loss of CAV1, CAV2, and CAV3 expression
in BSM from mice, rabbit, and human with partial bladder
outlet obstruction (PBOO) and in aged rat bladders.21e23

Thus, it is possible that the decreased BSM contraction
observed in obstructed bladder could be due to loss of CAV
protein expression in these tissues.

Given the clear effect of reduced CAV protein expression
in regulating BSM contraction, loss of CAV gene expression
is anticipated to have significant impact in the pathophysi-
ology of the BSM. Although several studies have described
changes in CAV protein expression under various pathologic
conditions,21e23 the mechanisms responsible for mediating
these changes in smooth muscle have not been elucidated.
Therefore, it is important to understand the transcriptional
regulation of CAV genes and elucidate the mechanism of
CAV gene repression during BSM remodeling in PBOO
either induced surgically in mice or caused by benign pros-
tatic hyperplasia (BPH) in men. Identifying the transcrip-
tional machinery critical for CAV gene transcription may
also be useful in regenerative medicine for tissue engineering
using stem cells. Herein, we identified and characterized
regulatory regions responsible for CAV1, CAV2, and CAV3
gene expression in BSM from models of obstructive bladder
disease in mice and humans using a combination of protein
purification by DNA affinity chromatography, mutational
analysis, chromatin immunoprecipitation (ChIP), and pro-
moter reporter assay. Herein, we demonstrate, for the first
time, that GATA and kB motifs are required for CAV pro-
moter repression, and GATA-binding factor 6 (GATA-6) and
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NF-kB repress CAV1, CAV2, and CAV3 gene expression
through their cognate binding sites on these promoters.
Moreover, both in a mouse model of PBOO as well as in men
with BPH-induced PBOO, enhanced binding of GATA-6 and
NF-kB to GATA and kB motifs on CAV promoters in hy-
pertrophic BSM was evident and shown to be associated with
the loss of CAV gene expression. Furthermore, both in vitro
cell culture and in vivo mouse models were used to examine
the effects of small-molecule inhibitors of NF-kB and
GATA-6 on CAV gene expression. We demonstrate, for the
first time, that GATA-6 inhibitor, K-7174, and NF-kB in-
hibitor, BAY 11-7082, up-regulate CAV1, CAV2, and CAV3
mRNA and protein expression in human BSM cells. Most
important, i.p. administration of small-molecule inhibitors of
NF-kB and GATA-6 increase CAV1, CAV2, and CAV3
mRNA and protein expression in murine BSM tissue. Being
transcriptional repressors of CAV1, CAV2, and CAV3 gene
transcription, GATA-6 and NF-kB are likely involved in the
suppression of all three CAV genes in PBOO-induced BSM
hypertrophy in men and in mice. Identification of GATA-6
and NF-kB as key regulatory molecules involved in CAV
gene repression in obstructive disease implicates these pro-
teins as potential targets for therapeutic intervention.

Materials and Methods

Surgical Induction of PBOO in the Mouse Model

All animal studies were performed with approval from the
Institutional Animal Care and Use Committees at the Chil-
dren’s Hospital of Philadelphia (Philadelphia, PA) and the
University of Pennsylvania (Philadelphia, PA). All animal
experiments were performed in compliance with the stan-
dards for care and use of animals, as affirmed in the Guide for
the Care and Use of Laboratory Animals,24 published by the
NIH (Bethesda, MD). Partial surgical ligation of the urethra
was performed on adult male mice, as described previously.25

The identical procedure was followed for sham-operated
animals until the suture was tied down, and then the suture
was removed and the abdomen was closed. Mice were
euthanized at 2 weeks of PBOO, the bladders were harvested,
the mucosa and serosa were removed from the muscle layer,
and the muscle tissue was snap frozen in liquid nitrogen for
biochemical and molecular biological studies.

RNA Preparation and RT-PCR

RNA was isolated from sham and PBOO murine BSM using
a TRIzol Plus RNA Purification System (Life Technologies
Corp., Carlsbad, CA), as per the manufacturer’s direction. An
RNeasy minikit (Qiagen, Germantown, MD) was used to
purify the RNA. An Agilent bioanalyzer (Agilent Technol-
ogies, Inc., Santa Clara, CA) with an RNA 6000 nanochip
was used to determine the quality of RNA. Reverse tran-
scription of total RNA to cDNA was performed using High-
Capacity cDNA Reverse Transcription Kits (Applied
ajp.amjpathol.org - The American Journal of Pathology
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Biosystems, Foster City, CA), as per the manufacturer’s
instruction.

Microarray

Microarray experiments of bladder tissue RNA from sham-
operated control and PBOO mice were performed using Illu-
mina Genome-Wide Expression Bead Chips (MouseWG-6
version 2.0 Expression Bead Chip; Illumina, San Diego, CA).
The chipswere scanned after completion of hybridizationby the
Illumina bead array scanner. Illumina microarray data were
analyzed by Genome Studio 3.0 andGeneSpring 14.4 software
(Agilent Technologies, Inc.). Differentially expressed genes
(DEGs) between sham and PBOO mice were identified using
GeneSpring GX 14.4 on the basis of a P value (P� 0.05). The
microarray data from the intensity data (IDAT) file were
exported to Microsoft Excel (Microsoft, Redmond, WA), and
the data were analyzed at the Cancer Genomics Centre of
Thomas Jefferson University (Philadelphia, PA). The fold ratio
betweenPBOOand sham-operated controlwasgenerated using
the average of normalized gene expression values of two bio-
logical replicates of each group. Differentially expressed genes
were chosen as candidates for further studies based on the sta-
tistical significance of P � 0.05 using the t-test (unpaired) and
subsequently limited by an absolute fold change of �1.4. A
volcano plot was constructed to look at fold change, and sta-
tistical significance simultaneously. The probe sets were
grouped based on their expression pattern using hierarchical
clustering algorithm and heat maps were generated from a
differentially expressed gene list. The microarray data were
deposited to the National Center for Biotechnology In-
formation’s Gene Expression Omnibus database (https://www.
ncbi.nlm.nih.gov/geo; accession number GSE107427).

IPA

Canonical pathways in microarray data analysis were
predicted using Ingenuity Pathway Analysis software
version 8.0 (IPA; Qiagen; https://www.qiagenbioinformatics.
com/products/ingenuity-pathway-analysis, last accessed
April 29, 2018). Expression data sets containing gene
identifiers (Entrez Gene ID) and their corresponding
expression values as fold changes in the mouse bladder
from sham and PBOO groups were uploaded into the IPA.
Differentially expressed genes are mapped to genetic
networks available in the Ingenuity database in IPA and
were then ranked by score. IPA identifies biological
networks, functional pathways, and global functions of a
particular data set based on the known interaction/relations
among target genes/proteins. The relationships between the
molecules are represented as a graph, which is also referred
to as a network. The nodes in the network represent
molecules or genes, and the edge (line) represents the
relationship between the molecules or genes. All edges are
supported by at least one reference from the literature, from
a textbook, or from canonical information stored in the
The American Journal of Pathology - ajp.amjpathol.org
Ingenuity Pathway Knowledge Base. The intensity of the
node color indicates the degree of up-regulation (red) or
down-regulation (green). Nodes are shown using various
shapes, and these shapes represent the functional class of the
gene product.

Human Bladder Samples

Experiments using human bladder tissues were approved
by the University of Pennsylvania Institutional Review
Board (approval number 803645). Frozen human bladder
tissue samples (collected through University of São Paulo
School of Medicine institutional review board protocol
number 811/04) were obtained from the University of São
Paulo (São Paulo, Brazil) by C.M.G. Bladder tissue biopsy
specimens were collected from patients, aged 62 to 78
years, who underwent suprapubic prostatectomy to treat
BPH. All patients had severe lower urinary tract symptoms
and were preoperatively characterized as having overt
bladder outlet obstruction. Bladder outlet obstruction was
assessed via multichannel urodynamics using the bladder
outlet obstruction index. A detailed description of BSM
obtained from control and BPH patients has been published
previously.22,26 Control samples were acquired from pa-
tients undergoing ureteral reimplantation and from non-
diseased bladder tissue from patients with bladder cancer
undergoing cystectomy. The reasons for ureteral reim-
plantation in the control group were distal ureteral stenosis
and vesicoureteral reflux in one patient each. No patients in
the control group exhibited lower urinary tract symptoms.
They all had an American Urological Association symptom
score of <8 and had no clinical symptoms of BPH. Age-
matched control individuals were used for comparison
with the BPH group.

Protein Extraction and Immunoblot Analysis

Serosa and mucosa were removed from murine bladder
before the tissue was frozen in liquid nitrogen. Total protein
was extracted from the frozen bladder tissue and subjected to
Western blot analysis, as previously described.22 Briefly,
protein samples were separated on SDS-PAGE and trans-
ferred to polyvinylidene difluoride membranes (Millipore,
Bedford, MA). The membranes were probed with the
following primary antibodies: anti-rabbit CAV1, CAV2, and
CAV3, NF-kB c-Rel, and GATA-6 (Abcam, Cambridge,
MA), and NF-kB p50 (Santa Cruz Biotechnology, Dallas,
TX). Membranes were washed with phosphate-buffered sa-
line/Tween before incubation with species-specific secondary
antibodies. Target proteins were visualized using enhanced
chemiluminescence, as described previously.22 Equal loading
of the protein was confirmed by probing the membranes with
antieglyceraldehyde-3-phosphate dehydrogenase antibody
(Abcam). Bands on the immunoblot were quantified by
densitometry using an Alpha Innotech FluroChem 8800
Image system (ProteinSimple, San Jose, CA).
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Cloning, Plasmid Construct Preparation of Primary BSM
Cells, Transient Transfection, and Promoter Activity
Assays

The 50 upstream promoter regions of CAV1 (1.3 kb), CAV2
(1.0 kb), and CAV3 (1.0 kb) were isolated from human
genomic DNA. The PCR product amplified from human
genomic DNA using the gene-specific primers was cloned
into pGL-4 basic luciferase reporter vector (pGL-4.1;
Promega, Madison, WI). Specific mutations were intro-
duced within the CAV promoters using the Quick-change
site-directed mutagenesis kit (Stratagene, La Jolla, CA).
Mutations were generated at the kB and GATA binding site
in the human CAV1, CAV2, and CAV3 promoters, yielding
the mutant constructs, as per the manufacturer’s direction
(Stratagene). Adenovirus expressing GATA-6 and NF-kB
protein was obtained from Vector Biolabs (Malvern, PA).

Primary BSM cells were prepared from mouse bladders, as
described previously.22 Briefly, the BSM was dissected into
small pieces after removing the urothelial and serosal layers
from 8-weekeold mice. Collagenase (Sigma-Aldrich Co, St.
Louis, MO), was used to dissociate the cells from the muscle
tissue, and the isolated cells were cultured in smooth muscle
growth medium-2 (Lonza Walkersville, Inc., Walkersville,
MD). Isolated cells were identified as SMCs by the presence of
smooth muscle myosin heavy chain and smooth muscle 22
(SM22) using immunofluorescence and immunoblot analyses.
Human primary BSM cells were obtained from Lonza Wal-
kersville, Inc. Transfection of murine and human BSM cells
was performed by electroporation using Amaxa Nucleofector
II (Lonza Walkersville, Inc.), as per the manufacturer’s in-
structions. Renilla luciferase reporter plasmid (pRL-SV40)
was cotransfected with firefly luciferase promoter reporter
construct in all transfections of murine and human BSM cells
as an internal control for assessing variations in transfection
efficiency. pGL-4 basic vector without the promoter insert was
used as a negative control for firefly luciferase promoter re-
porter (pGL-4 promoter reporter constructs). At the end of the
experiment, cell lysates were prepared, and both firefly and
Renilla luciferase activities were measured with the Dual-
Luciferase Reporter Assay system (Promega).

Bioinformatics Analysis

The TATA box in the human CAV3 promoter was predicted
using the Matrix Family Library version 8.4 of Genomatix
MatInspector software version 8.0 (Intrexon Bioinformatics
Germany GmbH, Munich, Germany; http://www.genomatix.
de/online_help/help_matinspector/matinspector_help.html).
Bioinformatics program AliBaba2 version 2 (GeneXplain
GmbH, Wolfenbüttel, Germany; http://gene-regulation.
com/pub/programs/alibaba2/index.html), which uses the
Transcription Factor Database (http://gene-regulation.com/
pub/programs.html), was used to identify GATA-6 and
NF-kB transcription factor binding sites on the CAV2 and
CAV3 promoters.
850
DNA Affinity Column Chromatography

A promoter pull-down approach was used to identify NF-kB
and GATA-6 transcription factor binding sites on CAV2 and
CAV3 promoters. The DNA affinity column was prepared, as
described previously.27 To maximize the DNA binding to the
affinity column, the human CAV2 and CAV3 promoters were
subdivided into three smaller regions (1 to �350, �350 to
�700, and �700 to �1000 bp). PCR-amplified promoter
regions were end labeled with T4 polynucleotide kinase and
were coupled to cyanogen bromideeactivated Sepharose 4B
(Sigma-Aldrich) individually, as described previously.22,28

Nuclear extracts from sham and PBOO murine BSM tissue
were prepared, as previously described,29 and 1 mg of nuclear
protein was loaded onto a DNA affinity column27 and the
DNA-bound proteins were eluted with an elution buffer
containing progressive salt gradient (0.25, 0.5, 0.75, and 1
mol/L KCl). The eluted fractions were assayed for GATA-6
and NF-kB binding to their consensus DNA oligonucleotides
by transcription factor enzyme-linked immunosorbent assay
(TF-ELISA; Active Motif, Carlsbad, CA), as per the manu-
facturer’s instructions.

ChIP

AChIP assay was performed on BSM isolated from sham and
PBOO mice and BSM from men with or without BPH-
induced obstruction, as previously described.30 Chromatin
samples, ranging from 200 to 600 bp, were incubated with
antieNF-kB p50, antieNF-kB c-Rel, or GATA-6 antibody
(Abcam) or normal rabbit IgG (Santa Cruz Biotechnology)
overnight at 4�C; and the protein-DNA complex was immu-
noprecipitated using protein A agarose beads (Sigma-Aldrich
Co). The immunoprecipitated complexes were washed, the
protein-DNA cross-link was reversed, and the DNA was
eluted, as previously described.30 As an input control, an
aliquot of sheared chromatin was purified using the QIAquick
PCR purification kit (Qiagen, Valencia, CA). The DNA
associated with this complex was then purified and identified
by PCR. DNA band intensities were quantified from the
agarose gels by densitometry using an Alpha Innotech
FluroChem 8800 Image system (ProteinSimple). ChIP values
were normalized to the total inputDNA.Relative enrichments
for each region are presented as the percentage of input.

Histology

For histologic studies, bladders from sham and PBOO mice
were fixed in 10% neutral-buffered formalin at room tem-
perature for at least 24 hours. Bladder sections were sub-
jected to dehydration in graded ethanol, cleared in xylene
and embedded in paraffin. Sections (5 mm thick) of paraffin-
embedded tissue were mounted onto a glass slide and then
stained with Masson’s trichrome stain using standard tech-
niques (Histology Core, Department of Pathology, Thomas
Jefferson University). Stained bladder sections were imaged
ajp.amjpathol.org - The American Journal of Pathology
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using a Light Microscope BX43 (Olympus, St. Louis, MO)
with a 40� objective lens.

Immunofluorescence and Confocal Microscopy

Frozen sections (5 mm thick) of bladder tissue from sham and
PBOO mice were mounted onto glass slides, and the slides
were processed, as previously described, for the immunofluo-
rescence.22 The slides were incubated with anti-rabbit CAV3
antibody (Abcam), followed by anti-goat SM22 antibody
(Abcam). Slides were washed with phosphate-buffered saline/
Tween before adding the species-specific secondary antibodies
(anti-rabbit Cy3 and anti-goat Alexa Fluor 488; Invitrogen, St.
Louis, MO). SM22 was used to localize the CAV3 protein to
smooth muscle in the bladder tissue. VectaShield mounting
medium (Vector Laboratories, Inc., Burlingame,CA)was used
to mount the samples. Samples were imaged at room temper-
ature using a high-resolution laser-scanning confocal micro-
scope (Fluoview FV 1000; Olympus) with a 60� objective oil
immersion, numerical aperture 1.45 lens. Images were
acquired as series of Z-stacks using Fluoview FV10-ASW
software version 4.2 (Olympus), and the acquired Z-stack
images were imported into ImageJ version 1.0 using LOCI
Bio-Formats (NIH). Red and green colors were assigned to
Cy3 and fluorescein isothiocyanate fluorescence, respectively.

GATA-6 Knockdown by RNA Interference

Predesigned GATA-6especific shRNA lentivirus particles
(sc-37907-V) were used to knock down the endogenous
GATA6 gene expression.22 Scrambled shRNA (sc-108080;
Santa Cruz Biotechnology) was used as a control. For this,
human BSM cells were transduced with GATA-6especific
shRNA and scrambled shRNA lentivirus particles for 72
hours, and total cell lysates and RNA were prepared for the
evaluation of knockdown efficiency by immunoblot and
RT-PCR. In cotransfection experiments, CAV1, CAV2, and
CAV3 promoter reporter plasmids were introduced into
BSM cells via electroporation.

NF-kB KO Mice

Dr. Christopher Hunter (Department of Pathobiology, Uni-
versity of Pennsylvania) provided NF-kB p50 and NF-kB
c-Rel knockout (KO) mice. The NF-kB c-Rel mice were
originally from Dr. Hsiou-Chi Liou (Division of Immu-
nology, Department of Medicine, Weill Medical College of
Cornell University, New York, NY).

Treatment of BSM Cells with Small-Molecule Inhibitor
of GATA-6 and NF-kB

Human BSM cells were incubated with dimethyl sulfoxide
(vehicle), 5 mmol/L K-7174 (MedKoo Biosciences Inc.,
Morrisville, NC), or 10 mmol/L BAY 11-7082 (Milli-
poreSigma, Burlington, MA) for 48 hours, as described
The American Journal of Pathology - ajp.amjpathol.org
previously.31,32 The specificity of K-7174 and BAY
11-7082 in inhibiting GATA and NF-kB DNA binding
activity, respectively, has been established previously.32,33

Treatment of Mice with Small-Molecule Inhibitor of
GATA-6 and NF-kB

The Institutional Animal Care and Use Committees at
Thomas Jefferson University approved all animal studies
reported herein. All animal studies were performed in
accordance with the Guide for the Care and Use of Labo-
ratory Animals,24 published by the NIH. Ten-weekeold
male C57BL/6J mice (The Jackson Laboratory, Bar Harbor,
ME) received a daily single-dose i.p. injection of K-7174
(MedKoo Biosciences Inc.) or BAY 11-7082 (Milli-
poreSigma) at 30 mg/kg in 0.1 mL normal saline for 9
consecutive days, as described previously.31,34 Control mice
were treated with 0.1 mL of normal saline containing 1%
dimethyl sulfoxide. At the end of the treatment, bladders
were harvested and processed for RNA and protein isolation.

Statistical Analysis

GeneSpring software version 14.5 (Agilent Technologies,
Inc.) was used for microarray data analyses. An unpaired t-
test was used for the comparison between the groups. A
statistical threshold of P < 0.05 with fold change �1.4 was
considered as significant for identification of differentially
expressed genes. The probe set signals were calculated with
the Iterative Plier 16 summarization algorithm; baseline to
median of all samples was used as baseline option. A t-test
was used for comparisons between experimental groups.

Results

Differential Expression of Genes between Sham and
PBOO Mice

Mice subjected to PBOO exhibited increased mean bladder
weights and bladder/body weight ratio compared with
sham-operated animals (Figure 1A). Histology analysis by
Masson’s trichrome staining revealed a significant increase
in the collagen deposition in between the muscle bundles in
obstructed bladder (Figure 1B). Hierarchical clustering
displayed the different gene expression patterns between
these two groups, and the results of selected 27 genes that
were differentially expressed (both up-regulated and down-
regulated genes) with �1.4-fold change (false-discovery
rate of 0.01% and P � 0.05) in obstructed bladder from
PBOO mice compared with sham-operated control are
shown in Figure 1C and Table 1. A list of all 368 genes that
were differentially expressed between sham and PBOO
murine bladder with �1.4-fold change and the volcano plot
that displays both fold change (�1.4-fold) and statistical
significance (P � 0.05) of the DEG are shown in
Supplemental Table S1 and Supplemental Figure S1,
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Figure 1 Genome-wide expression profile of mRNA in sham and PBOO mice. A: Body weights of mice were recorded before they were euthanized at 2 weeks
after surgery. Bladder weights were measured after the mice were sacrificed. B: For histologic studies, sections (5 mm thick) of urinary bladders from sham and
PBOO mice were subjected to Masson trichrome staining. Stained bladder sections were imaged using a Light Microscope BX43 with a 40� objective lens. C:
Heat map: hierarchical clustering performed on the mRNA samples of sham and PBOO mice. Heat map using average-linkage hierarchical clustering was
generated, and the cluster image shows the trend of gene expression levels in the bladder smooth muscle of sham and PBOO mice. The dendrogram illustrates
the clustering tree resulting from hierarchical clustering of gene expression values. Each row corresponds to a single mRNA probe. The colored bar at the
bottom of the panel represents changes on a linear scale, where green and red represent down-regulated and up-regulated gene expression, respectively. Red
ovals denote the expression levels of CAV1, CAV2, and CAV3 genes in sham and PBOO mice bladder. D and E: Interaction networks identified with differentially
expressed genes. Two of the five top-ranked networks (networks 1 and 4) are shown, which identify CAV genes as the interacting partners. Genes are rep-
resented as nodes, and the biological relationships between two nodes are represented as a line: genes up-regulated in PBOO bladder are colored in shades of
red; down-regulated genes in PBOO are colored in green, and the genes in gray were not differentially expressed. Intensity of the node color indicates the
degree of up-regulation (red) or down-regulation (green). Nodes are displayed using various shapes that represent the functional class of the gene product.
Meanings of node shapes and edges are indicated in the legend within the figure. Edges are displayed with various labels that describe the nature of the
relationship between the nodes. Solid lines indicate direct interactions; dashed lines, indirect interactions; lines without an arrowhead, binding only; lines
with an arrowhead, acts on. The length of an edge reflects the evidence supporting the node-to-node relationship, in that edges supported by an article from
the literature are shorter. Data are expressed as means � SD (A). n Z 11 sham and PBOO mice (A). **P < 0.01 versus control. Scale bars Z 500 mm (B).
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respectively. There was a significant down-regulation of
CAV1, CAV2, and CAV3 genes in obstructed murine bladder
compared with sham-operated control. Similar to findings
obtained using a rabbit model,35e37 these mice showed loss
of ryanodine receptor (RYR) 2, RYR3, and ATPase
expression, as assessed by microarray (Table 1).

Elucidation of Interactions among Differentially
Expressed Genes

To investigate the biological interactions of DEG, data sets
representing 368 genes with altered expression profile of
�1.4-fold change, derived from microarray analyses, were
852
imported into the IPA. In the IPA, networks of potentially
interacting proteins were identified and placed into node-
edge diagrams composed of focus molecules (microarray-
identified genes) and other interacting molecules. IPA
revealed there were five different high-scoring (score > 28)
networks associated with 368 DEGs between sham and
PBOO mice BSM. Significant IPA networks and the asso-
ciated molecules are presented in Figure 1, D and E, and
Supplemental Table S2. Two of the networks (networks 1
and 4) among these five high-scoring networks associated
with DEG represented CAV-mediated signaling (CAV1,
CAV2, and CAV3). Network 1 includes interactions of
CAV (CAV1, CAV2, and CAV3) genes with genes encoding
ajp.amjpathol.org - The American Journal of Pathology



Table 1 Annotated 27 Gene Transcripts Differentially Expressed between Sham and PBOO Murine Bladder

Probe identification Gene symbol Gene name P value Fold (up/down)

2970711 Rgs4 Regulator of G-protein signaling 4 0.001929974 þ7.937988
2060121 Arhgap6 r GTPase-activating protein 6 0.02501308 �2.18611
1660082 Ppp1r1a Protein phosphatase 1 regulatory subunit 1A 0.026504593 �6.84412
4150180 Ppp1cb Protein phosphatase 1, catalytic subunit, b isoform 0.004460794 �2.78077
2650687 Kcnf1 Potassium voltage-gated channel, subfamily F, member 1 0.001593646 �2.56219
6040022 Trpc4 Transient receptor potential cation channel,

subfamily C, member 4
0.023744632 �2.73619

102650458 Ryr2 Ryanodine receptor 2 0.086442456 �2.67574
1660156 Ryr3 Ryanodine receptor 3 0.003367557 �1.41486
1090075 Atp2a2 ATPase, Ca2þ transporting, cardiac muscle, slow twitch 2 0.016132275 �2.2555
360161 Stc1 Stanniocalcin 1 0.01324006 �3.61698
4920601 Stc2 Stanniocalcin 2 0.013560593 �2.02466
1570239 Tnnt3 Troponin T3 0.02173518 �5.1447
5050520 Nfatc3 Nuclear factor of activated T cells 0.039165486 1.435496
2230358 Creb1 cAMP-responsive element-binding protein 1 0.009677809 1.851155
4850685 Ankrd1 Ankyrin repeat domain 1 0.005619315 4.88905
870025 Cav1 Caveolin 1 0.23090802 �1.47184
5130563 Cav2 Caveolin 2 0.15194602 �1.6654
1770519 Cav3 Caveolin 3 0.12829952 �1.49647
7100273 Myh11 Myosin heavy chain 11, smooth muscle 0.23286378 �2.07326
2340021 Actc1 Actin, a 0.047266956 �19.5778
104150180 Vim Vimentin 0.02395465 1.535159
100060672 Gdf5 Growth differentiation factor 5 0.003577606 2.60079
4920070 Mmp12 Matrix metalloproteinase 12 0.027093915 4.050251
5270136 Eno3 Enolase 3 b 0.018464409 �6.263
7000358 Pck1 Phosphoenolpyruvate carboxykinase 1 0.04156202 �6.65625
3140270 Bnip3 BCL2/adenovirus E1B 19-kDa interacting protein 1 0.027879694 �1.72551
106860154 Slc29a1 Solute carrier family 29 nucleoside transporter member 1 0.002923535 �2.58568

Table displays the genes with their expression level (fold change �1.4-fold).
þ, up-regulation of the genes in PBOO bladder versus sham-operated control; �, down-regulation of the genes in PBOO bladder versus sham-operated

control; BCL, B-cell lymphoma.

NF-kB and GATA-6 Repress CAV Genes
for calcium signaling (RYR2 and RYR3) and lipid meta-
bolism. Network 4 displays interactions between the CAV1
and the transient receptor potential cation channel 4. These
genes are known to affect BSM contraction.

Repression of CAV2 and CAV3 Gene Expression in
Obstructed BSM in Mice and in Men with BPH

Microarray analysis of bladder RNA from sham-operated
control and 2-weekeold PBOO mice revealed the down-
regulation of CAV1, CAV2, and CAV3 gene expression
Table 2 Primers Used in This Study

Gene name Forward primer sequence

Human CAV1 50-CTGATCAGTGGGCCTCCAAG-30

Mouse CAV1 50-AGCAGACAAATGGGGGTGAG-30

Human CAV2 50-AAAGTGTGGATCTGCAGCCAT-3
Mouse CAV2 50-GGATCTGCAGCCATGCTCTC-30

Human CAV3 50-GTCTAAAGCCAGGTGGGGCAACA
Mouse CAV3 50-TCTACTCACTGTGTATCCGCAC-
Human GAPDH 50-AAAATCAAGTGGGGCGATGC-30

Mouse GAPDH 50-GCAGTGGCAAAGTGGAGATTG-3

The American Journal of Pathology - ajp.amjpathol.org
(Figure 1C and Table 1). The down-regulation of CAV2 and
CAV3 gene expression was further confirmed in 2-weekeold
PBOO mice by RT-PCR and immunoblot analysis. Primers
used for this experiment are listed in Table 2. CAV2 and
CAV3 mRNA and protein were decreased in murine PBOO
BSM compared with controls; CAV2 and CAV3 mRNA and
protein were down-regulated in BSM from the bladders of
patients with BPH compared with control human bladders
(P < 0.01) (Figure 2). Bladder tissue sections from sham and
obstructed mice were stained with anti-CAV3 antibody and
examined by confocal microscopy. Representative confocal
Reverse primer sequence

50-TTCTGGGCAAAGGGATGCT-30

50-TGAATAGACACGCTGGCCTC-30
0 50-GAGAATTCCCGCAATGAAGGC-30

50-GCTGAGGGTAGCAAACAGGA-30

-30 50-GTCCCTAAAGAGAAAGAGCTCGC-30

30 50-TGGCTTTAGCCTTCCCTTCG-30

50-GATGACCCTTTTGGCTCCCC-30
0 50-GCCGTTGAATTTGCCGTGAG-30
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images obtained from BSM of sham and 2-weekeold PBOO
mice are shown in Figure 2. CAV3 expression was signifi-
cantly reduced in BSM from murine PBOO bladders. The
loss of CAV3 expression specifically in BSM was further
confirmed by costaining the tissue section with SM22
(Figure 2). Collectively, these results confirm that CAV2 and
CAV3 gene expression is reduced in mice and in men with
PBOO and that repression of CAV2 and CAV3 gene
expression is mediated at the transcriptional level. Also,
CAV1 gene expression is down-regulated in BSM from
obstruction-induced hypertrophy in rabbit and murine models
of PBOO and in BPH patients.21,22

Structural Features of CAV2 and CAV3 Promoters

The critical transcription factor binding sites on CAV2 and
CAV3 promoters were next studied. Specifically, GATA and
kB motifs were studied on CAV2 and CAV3. The putative
GATA-6 and NF-kB binding sites for human and murine
CAV2 and CAV3 promoters are shown in Supplemental
Figure S2. Promoter analysis of the CAV2 gene by the
TRANSFEC program predicted a TATA-less promoter
(Supplemental Figure S2, A and B). The Bioinformatics
tool, MatInspector, identified a TATA box in the human
CAV3 promoter (Supplemental Figure S2, C and D), and it
is conserved in mouse. The translational start site (ATG)
was designated as 1.
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Figure 2 Repression of CAV2 and CAV3 gene expression in murine PBOO and
obstruction: AeD: RT-PCR (A and B) and immunoblot (C and D) analysis of CAV
control and BPH patient’s bladder smooth muscle (BSM) tissues. Glyceraldehyde
Quantification of RT-PCR and immunoblot data. I: Murine bladder sections prepa
antiesmooth muscle 22 (SM22) antibody, followed by Cy3- and fluorescein is
images are shown. Data are expressed as means � SD (EeH). n Z 8 sham and
**P < 0.01 versus control. Scale bars Z 20 mm (I).
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PBOO Promotes GATA-6 and NF-kB Binding to GATA
and kB Motifs on CAV2 and CAV3 Promoters

A promoter pull-down approach was used to identify the
GATA-6 and NF-kB binding sites on CAV2 and CAV3
promoters to compare the binding intensities of these tran-
scription factors in sham and PBOO BSM. The promoter
regions of human CAV2 and CAV3 genes were conjugated to
cyanogen bromideeactivated Sepharose, and approximately
1 mg nuclear protein from sham and PBOO mouse BSM
tissue samples was loaded onto each DNA affinity column.
The DNA-bound proteins were eluted with a salt gradient.
The fractions eluted with 0.5 mol/L KCl containing elution
buffer from the �350- to �700-bp region of the CAV2 DNA
affinity column detected GATA-6 and NF-kB, as demon-
strated by TF-ELISA (Figure 3). In an oligonucleotide
competition assay, an excess of wild-type (WT) consensus
oligonucleotides (5�, 20�, and 50�) but not mutant (mu-
tation at GATA and kB motif) consensus oligonucleotides
competed with the oligonucleotide sequence immobilized on
the plate for binding to GATA-6 and NF-kB in the TF-
ELISA (Figure 3). Similarly, the fractions eluted with 0.5
mol/L KCl containing elution buffer from the �350- to
�750-bp region of the CAV3 DNA affinity column detected
GATA-6 and NF-kB transcription factors, as demonstrated
by TF-ELISA (Figure 4); and the WT sequence but not the
mutant consensus oligonucleotides competed with the
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PBOO mouse BSM (EeH); n Z 5 control and BPH patient tissue (EeH).
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Figure 3 PBOO up-regulates GATA-binding factor 6 (GATA-6) and NF-kB binding to CAV2 promoter. Protein fractions, eluted from a�350- to�700-bp region of
CAV2 promoter DNA affinity column, were assayed by transcription factor enzyme-linked immunosorbent assay (ELISA) and immunoblot. A, B, D, and E: GATA-6 (A
andB) and NF-kB p50 (D and E) binding from sham and PBOO bladder smoothmuscle was expressed as absorbance units at 450 nm. Data are representative of at least
three independent experiments, each performed in triplicate. B and E: A GATA-6 or NF-kB binding consensus DNA sequence (wild type or mutant) was added in
increasing amounts to the ELISA plate in the oligonucleotide competition assay. The 0.5 mol/L KCl denotes the protein fractions eluted from the DNA affinity column
using �350- to �700-bp promoter regions of CAV2. C, F, and G: Immunoblot analysis of protein fractions eluted from the �350- to �700-bp region of the CAV2
promoter DNA affinity column with GATA-6, NF-kB p50, or NF-kB c-Rel antibody. **P < 0.01 versus sham-operated control mice. oligo, oligonucleotide.

NF-kB and GATA-6 Repress CAV Genes
oligonucleotide sequence immobilized on the plate
(Figure 4). TF-ELISA and immunoblot analysis revealed the
increased binding of GATA-6 and NF-kB to their cognate
motif on CAV2 and CAV3 promoters, with the nuclear extract
isolated from murine PBOO BSM tissues compared with
sham-operated control animals (Figures 3 and 4).

The increased binding of GATA-6 and NF-kB to the
GATA and kB motifs on CAV2 and CAV3 promoters in
PBOO mice and in BPH patients was confirmed using a ChIP
assay. In these experiments, chromatin samples from control
and BPH patients and sham and PBOO mice BSM were
precipitated with antieGATA-6, antieNF-kB p50, or
antieNF-kB c-Rel antibody, and subjected to PCR amplifi-
cation of the GATA and kB motif in the promoters. Samples
immunoprecipitated with antieGATA-6, antieNF-kB p50,
or antieNF-kB c-Rel antibody yielded prominent PCR
products in obstructed BSM from BPH patients and murine
PBOO compared with control human and murine BSM
(Figure 5). However, samples immunoprecipitated with pre-
immune rabbit IgG failed to yield PCR products (Figure 5).

GATA-6 Represses CAV2 and CAV3 Gene Transcription

Because GATA-6 is recruited to CAV2 and CAV3 promoters
in murine and human BSM, the effect of this transcription
The American Journal of Pathology - ajp.amjpathol.org
factor on CAV2 and CAV3 gene expression was next stud-
ied. Adenovirus encoding GATA-6 was introduced into
human BSM primary cells by transduction.22 Over-
expression of GATA-6 in human BSM cells decreased the
levels of CAV2 and CAV3 mRNA (Figure 6A) and protein
(Figure 6B) relative to the level of control. The expression
of CAV2 and CAV3 mRNA and protein increased after
knockdown of GATA-6 (Figure 6, C and D). The relative
intensities of the bands in Figure 6, AeD, were quantified
after normalization with GAPDH and are shown in Figure 6,
E and F. The relative intensities of the bands in Figure 6, I
and J, were quantified after normalization with GAPDH and
are shown in Figure 6, K and L. To examine the effect of
endogenous GATA-6 gene silencing in regulating CAV2 and
CAV3 promoter activity, GATA-6 shRNA plasmid was
cotransfected with CAV2 and CAV3 promoter reporter
constructs in primary human BSM cells (Figure 6G) via
electroporation. Firefly luciferase analysis revealed that the
transfection of nonspecific scrambled shRNA did not have
any significant effects on CAV2 and CAV3 promoter activ-
ities. However, luciferase activity driven by CAV2 and
CAV3 promoters was threefold higher in GATA-6 knock-
down cells compared with scrambled shRNA-transfected
cells (Figure 6G). Transfection analysis of WT and mutant
human CAV2 and CAV3 promoters in human BSM cells
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Figure 4 PBOO up-regulates GATA-binding factor 6 (GATA-6) and NF-kB binding to CAV3 promoter. Protein fractions, eluted from a �350- to �700-bp
region of the CAV3 promoter DNA affinity column, were assayed by transcription factor enzyme-linked immunosorbent assay (ELISA) and immunoblot. A, B, D,
and E: GATA-6 (A and B) and NF-kB p50 (D and E) binding from sham and PBOO bladder smooth muscle was expressed as absorbance units at 450 nm. Data are
representative of at least three independent experiments, each performed in triplicate. B and E: In an oligonucleotide competition assay, a GATA-6 or NF-kB
consensus binding sequence (wild type or mutant) was added in increasing amounts to the ELISA plate. The 0.5 mol/L KCl denotes the protein fractions eluted
from the DNA affinity column using �350- to �700-bp promoter regions of CAV3. C, F, and G: Immunoblot analysis of protein fractions eluted from the �350-
to �700-bp region of the CAV3 promoter DNA affinity column with GATA-6, NF-kB p50, or NF-kB c-Rel antibody. **P < 0.01 versus sham-operated control
mice. oligo, oligonucleotide.

Thangavel et al
demonstrated that mutation of the GATA motif in these
promoters increased the activity (threefold) compared with
that of WT promoters (Figure 6H). Mutation at the GATA
motif of CAV2 and CAV3 promoter abolished the repressive
effect of GATA-6 (Figure 6H). Cotransfection of WT CAV2
and CAV3 promoters with GATA-6 cDNA significantly
down-regulated the promoters’ activity (threefold), whereas
cotransfection of mutant CAV2 and CAV3 promoters with
GATA-6 cDNA did not alter the promoters’ activity
(Figure 6H). A representative immunoblot showing the
expression levels of ectopically expressed GATA-6
compared with their levels in the control is shown in
Figure 6I. GATA-6 protein expression level in BSM cells
infected with shRNA specific for GATA-6 was significantly
reduced compared with nonspecific (scrambled) shRNA
infected cells (Figure 6J). These results provide direct evi-
dence that transcriptional repression of CAV2 and CAV3
genes in human BSM cells is mediated by GATA-6.

NF-kB Represses CAV2 and CAV3 Gene Transcription

The expression levels of CAV2 and CAV3 mRNA
(Figure 7A) and protein (Figure 7B) increased significantly
856
in NF-kB p50 and c-Rel KO murine BSM compared with
their levels in WT BSM tissue. The relative intensities of the
bands for CAV2 and CAV3 in Figure 7, A and B, were
quantified after normalization with glyceraldehyde-3-
phosphate dehydrogenase (Figure 7, CeF). To examine
the effect of endogenous NF-kB gene silencing in vivo in
regulating CAV2 and CAV3 promoter activity, these pro-
moters were transfected in murine BSM cells isolated from
NF-kB p50 and NF-kB c-Rel KO mice. Luciferase activity
driven by human CAV2 and CAV3 promoters was threefold
higher in BSM cells from NF-kB p50 and NF-kB c-Rel KO
mice compared with the BSM cells from WT mice
(Figure 7, G and H). Transfection analysis revealed that
mutation of the kB motifs in CAV2 and CAV3 promoters
increased the luciferase activity (threefold) compared with
that of WT promoters (Figure 7I). Mutation at the kB motif
of the CAV2 and CAV3 promoters abolished the repressive
effect of NF-kB (Figure 7I). Cotransfection of WT pro-
moters with NF-kB p50 and c-Rel significantly down-
regulated CAV2 and CAV3 promoter activity (3.2-fold),
whereas cotransfection of mutant CAV2 and CAV3 pro-
moters with NF-kB p50 and c-Rel did not have any effect
on the promoters’ activity (Figure 7I). Figure 7J shows the
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Increased binding of GATA-binding factor 6 (GATA-6) and NF-kB to CAV2 and CAV3 promoters in obstructed bladder smooth muscle (BSM).
Chromatin samples prepared from control and benign prostatic hyperplasia (BPH) patients and sham and PBOO mouse BSM were immunoprecipitated with
antieGATA-6, antieNF-kB p50, and NF-kB c-Rel antibodies or preimmune rabbit serum. Precipitated fragments were PCR amplified using primers specific for
GATA or kB motifs on the human and mouse CAV2 and CAV3 promoters. Quantification of band intensities from agarose gels is presented as percentages of
input chromatin. Data are expressed as means � SD (B, C, F, and G). nZ 6 sham and PBOO mouse BSM (C and G); nZ 5 control and BPH patient tissue (B and
F). **P < 0.01 versus control.

NF-kB and GATA-6 Repress CAV Genes
canonical and the mutant version of the NF-kB binding site
within the CAV2 and CAV3 promoter. Immunoblot analyses
demonstrated the absence of p50 and c-Rel protein in BSM
tissue from NF-kB p50 and c-Rel KO mice (Figure 7, K and
L) and the expression levels of ectopically expressed NF-kB
p50 and c-Rel protein compared with their levels in control
cells (Figure 7, MeO). Together, these findings demonstrate
that NF-kB acts as a transcriptional repressor of CAV2 and
CAV3 gene transcription in BSM.

Transcriptional Repression of CAV1 Gene by NF-kB

GATA-6 acts as a transcriptional repressor of CAV1 gene
expression in PBOO-inducedBSMhypertrophy inmice and in
men with BPH.22 Herein, it was demonstrated that NF-kB
represses CAV2 and CAV3 gene transcription in BSM. The
role of NF-kB on CAV1 gene expression in BSM was next
addressed. The expression of CAV1 mRNA (Figure 8A) and
protein (Figure 8B) increased significantly in NF-kB p50 and
NF-kB c-Rel KO murine BSM compared with their levels in
WT BSM tissue. The relative intensities of the bands for
CAV1 in Figure 8, A and B, were quantified after normali-
zation with GAPDH (Figure 8, C and D). To examine the
effect of endogenous NF-kB gene silencing in regulating
CAV1 promoter activity, the promoter in murine BSM cells
isolated from NF-kB p50 and NF-kB c-Rel KO mice was
The American Journal of Pathology - ajp.amjpathol.org
transfected. Luciferase activity driven by human CAV1 pro-
moter was threefold higher in BSM cells from NF-kB p50 and
NF-kB c-Rel KOmice comparedwith the BSM cells fromWT
mice (Figure 8, E and F). Analysis of human CAV1 promoter
identified two putative NF-kB binding sites (�358 and �760
bp), and these binding sites are conserved in murine CAV1
promoter at �353 and �878 bp (Figure 8, G and H). Trans-
fection analysis of human WT and mutant CAV1 promoter in
human BSM cells demonstrated that mutation of the kB motif
at �760 bp in the promoter increased the luciferase activity
(threefold) compared with that of WT promoter (Figure 8I).
Mutation at the kB motif of the CAV1 promoter abolished the
repressive effect of NF-kB (Figure 8I). Cotransfection of WT
promoter with NF-kB p50 and c-Rel significantly down-
regulated CAV1 promoter activity (3.1-fold), whereas
cotransfection of mutant CAV1 promoter with NF-kB p50 and
NF-kB c-Rel did not have any effect on the promoter activity
(Figure 8I). There was an increased binding of NF-kB p50 and
NF-kB c-Rel to CAV1 promoter in BSM from obstructed
bladders of BPH patients and murine PBOO compared with
that in BSM samples of control humans and sham-operated
control mice (Figure 8, J and K). The expression of CAV1
gene in BSM from obstructed bladders inversely correlated
with NF-kB p50 and NF-kB c-Rel binding to the CAV1 pro-
moter at �760 bp in humans and at �878 bp in mice.
Together, these findings demonstrate that NF-kB acts as a
857
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Figure 6 GATA-Binding factor 6 (GATA-6) represses CAV2 and CAV3 gene expression and promoter activity in human primary bladder smoothmuscle (BSM) cells.
AeD: Human BSM cells were transduced with adenovirus encoding GATA-6, adenoviral harboring cytomegalovirus (Ad-CMV; control), scrambled shRNA (control),
and GATA-6 shRNA individually for 72 hours. AeD: RNA and protein were extracted and subjected to RT-PCR (A and C) and immunoblot analysis (B and D) for CAV2,
CAV3, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). AeF: Data from the experiments for which representative results are shown (AeD) are quantitated
(E and F). G: Relative CAV2 and CAV3 promoter reporter luciferase activity in human BSM cells transfected with scrambled and GATA-6 shRNA. Reporter firefly
luciferase activities were normalized to Renilla luciferase activity. H: Human BSM cells were cotransfected with human wild-type (WT) or mutant CAV2 and CAV3
promoter reporter luciferase constructs and GATA-6 cDNA. Mutant nucleotides are shown in boldfaced font. Luciferase activity was measured in each sample after 72
hours and is presented relative to that of Renilla luciferase. I: Representative immunoblot showing the expression levels of ectopically expressed GATA-6 compared
with their endogenous levels. J: Immunoblot analysis of total protein from cells transduced with scrambled and GATA-6 shRNA lentivirus vectors. I and J: GAPDH was
probed as a loading control. IeL: Quantification (K and L) of bands (I and J) for GATA-6 protein is presented relative to GAPDH. Data are expressed as the
means � SD (EeH, K, and L). n Z 4 experiments (EeH, K, and L). **P < 0.01 versus control; yyP < 0.01 versus wild-type CAV2 and CAV3 promoters.
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transcriptional repressor of CAV1 gene transcription in BSM,
thus providing important information regarding the molecular
mechanism responsible for CAV1 down-regulation during
BSM remodeling and hypertrophy associated with BPH-
induced lower urinary tract symptoms.

GATA-6 and NF-kB Binding Levels to GATA and kB
Motifs of CAV1, CAV2, and CAV3 Promoters Are
Independent of Each Other

GATA-6 gene silencing did not impair the binding of NF-kB
c-Rel and p50 to CAV1, CAV2, and CAV3 promoters. The
858
binding of NF-kB p50 and NF-kB c-Rel to the CAV1, CAV2,
and CAV3 promoters in GATA-6 shRNA-transduced cells
was equivalent to that in scrambled shRNAetransduced
human BSM cells (Figure 9A). Similarly, the binding of
GATA-6 to the CAV1, CAV2, and CAV3 promoters did not
change in BSM from NF-kB c-Rel and NF-kB p50 KO mice
compared with their binding in BSM from WT mice
(Figure 9B); loss of one transcription factor does not affect
the binding of the other transcription factors (Figure 9). These
findings suggest that GATA-6 does not regulate NF-kB or
vice versa and that GATA-6 and NF-kB regulate CAV gene
transcription independently in BSM.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 NF-kB silencing up-regulates CAV2 and CAV3 gene expression and promoter activity in bladder smooth muscle (BSM). A and B: RNA and protein
samples prepared from BSM of wild-type (WT), NF-kB p50, and NF-kB c-Rel knockout (KO) mice were subjected to RT-PCR (A) and immunoblot (B) analysis for
CAV2, CAV3, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). GAPDH was used as a loading control. AeF: Quantification of band intensities (CeF)
from agarose gels (A) and immunoblot (B). G and H: Relative CAV2 and CAV3 promoter reporter luciferase activity in murine BSM cells from WT, NF-kB p50, and
NF-kB c-Rel KO mice. I and J: Human BSM cells were cotransfected with human WT or mutant (Mut) CAV2 and CAV3 promoter luciferase reporter constructs, NF-
kB p50, and NF-kB c-Rel cDNA. J: Mutant nucleotides are shown in boldfaced font. Firefly luciferase activity was measured in each sample after 72 hours and is
presented relative to that of Renilla luciferase. K and L: Immunoblot analysis of total protein from BSM of WT, NF-kB p50, and NF-kB c-Rel KO mice for NF-kB
p50 and NF-kB c-Rel protein and GAPDH. M: Representative immunoblot showing the expression levels of ectopically expressed NF-kB p50 and NF-kB c-Rel
compared with their endogenous levels. MeO: Bands from immunoblot (M) for NF-kB p50 and NF-kB c-Rel protein were quantitated, and the data are
presented relative to GAPDH (N and O). Data are expressed as the means� SD (CeI, N, and O). nZ 5 experiments (CeF); nZ 4 experiments (GeI, N, and O).
**P < 0.01 versus control; yyP < 0.01 versus WT CAV2 and CAV3 promoter reporter luciferase activities.

NF-kB and GATA-6 Repress CAV Genes
Small-Molecule Inhibitors of GATA-6 and NF-kB Up-
Regulate CAV1, CAV2, and CAV3 Gene Expression in
Human BSM Cells

It was investigated whether K-7174 and BAY 11-7082,
specific inhibitors of GATA and NF-kB, respectively,
induce the CAV1, CAV2, and CAV3 gene expression in
human BSM cells. Treatment of human BSM cells with K-
7174 or BAY 11-7082 compound for 48 hours resulted in
the up-regulation of CAV1, CAV2, and CAV3 mRNA and
protein expression relative to the level of vehicle-treated
cells (Figure 10). Together, these data demonstrate that
The American Journal of Pathology - ajp.amjpathol.org
small-molecule inhibitors of GATA-6 and NF-kB, K-7174
and BAY 11-7082, respectively, induce CAV1, CAV2, and
CAV3 gene expression in human BSM cells; and these re-
sults are consistent with our data obtained in this study using
genetic strategies.

Small-Molecule Inhibitors of GATA-6 and NF-kB Up-
Regulate CAV1, CAV2, and CAV3 Gene Expression in Vivo
in Murine BSM

The effect of GATA-6 and NF-kB inhibitors, K-7174 and
BAY 11-7082, respectively, on CAV1, CAV2, and CAV3
859
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Figure 8 NF-kB silencing up-regulates CAV1 gene expression and promoter activity in bladder smooth muscle (BSM). A and B: RNA and protein samples
prepared from BSM of wild-type (WT), NF-kB p50, and NF-kB c-Rel knockout (KO) mice were subjected to RT-PCR (A) and immunoblot (B) analysis for CAV1 and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). GAPDH was used as a loading control. AeD: Quantification (C and D) of band intensities from agarose
gels (A) and immunoblot (B). E and F: Relative CAV1 promoter reporter luciferase activity in murine BSM cells from WT, NF-kB p50, and NF-kB c-Rel KO mice. G:
Schematic representation of human and murine CAV1 promoter is shown. Nucleotides are numbered beginning with the translation start site (ATG). The
direction of transcription is marked with an arrow. The putative binding site for GATA-binding factor 6 (GATA-6) and NF-kB on human and murine CAV1
promoter is shown. H: Sequence homology between the human and murine CAV1 promoter. Sequence identity between the human and mouse CAV1 promoter is
significantly lower (these sequences are blue) as the distance from the ATG start site is increased. The sequences that are boldfaced and underlined in mouse
(m) and human (h) CAV1 promoter confirm to consensus binding site of GATA-6 (GATA motif) and NF-kB (GGRNNYYCC is the consensus sequence, and it is alias
kB site, where R is a purine, Y is a pyrimidine, and N is any nucleotide). I: Human BSM cells were cotransfected with human WT or mutant (Mut) CAV1 promoter
luciferase reporter constructs, NF-kB p50, and NF-kB c-Rel cDNA. Mutant nucleotides are shown in boldfaced font. Firefly luciferase activity was measured in
each sample after 72 hours and is presented relative to that of Renilla luciferase. J and K: Chromatin samples from control and benign prostatic hyperplasia
(BPH) patients and sham and PBOO mouse BSM were immunoprecipitated with antieNF-kB p50 and NF-kB c-Rel antibodies or preimmune rabbit serum.
Precipitated fragments were PCR amplified using primers specific for kB motifs on the human and mouse CAV1 promoter. Quantification of band intensities
from agarose gels is presented as percentage of input chromatin. Data are expressed as means � SD (CeF and IeK). n Z 5 experiments (C and D); n Z 4
experiments (E, F and I); nZ 5 control and BPH patients (J);nZ 6 sham and PBOO mouse BSM (K). **P < 0.01 versus control; yyP < 0.01 versus WT CAV2 and
CAV3 promoter reporter luciferase activities.

Thangavel et al
gene expression was determined in vivo in murine BSM.
CAV1, CAV2, and CAV3 mRNA and protein expression was
measured in BSM from K-7174e or BAY 11-7082etreated
mice. The expression of CAV1, CAV2, and CAV3 mRNA
and protein increased in response to K-7174 and BAY 11-
7082 treatment relative to that in vehicle-treated murine
BSM (Figure 11). Together, these results are consistent with
the findings obtained in this study using genetic strategies in
human BSM cells.
860
Discussion

The molecular changes identified in the current study with 2-
week PBOO mice are consistent with data shown for
decompensated bladder.25 An earlier study has demonstrated
that these PBOO mice with decompensated bladder show
decline in pressure in response to stimulation with electrical
field or KCl compared with sham-operated control, as shown
by the in vitro organ physiology.25,38,39 The evidence
ajp.amjpathol.org - The American Journal of Pathology
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Figure 9 Recruitment levels of GATA-binding factor 6 (GATA-6) and NF-kB to GATA and kB motifs of CAV promoters are independent of each other.
Chromatin immunoprecipitation (ChIP) analysis of CAV1, CAV2, and CAV3 promoters in scrambled (control) and GATA-6 shRNA knockdown bladder smooth
muscle (BSM) cells with NF-kB and c-Rel antibodies and in wild-type and c-Rel knockout (KO) murine BSM tissue with GATA-6 antibody. GATA and kB motifs in
the CAV1, CAV2, and CAV3 were amplified by PCR. Preimmune serum (IgG) was used as a negative control in both ChIP experiments. Data are expressed as the
means � SD. n Z 4 experiments (A and B).

NF-kB and GATA-6 Repress CAV Genes
provided is as follows: i) mice subjected to PBOO displayed
an increase in the bladder/body weight ratio; ii) loss of
RYR2, RYR3, and ATPase expression, as shown by the
microarray; and iii) loss of muscle markers, SM22 and
smooth myosin heavy chain, and CAV gene expression and
increased expression of the proliferative gene, vimentin,
in 2-week obstructed murine bladder. Masson’s
trichromeestained tissue sections displayed increased
collagen deposition between muscle bundles. Earlier studies
have demonstrated that after PBOO, there is a marked phase
of decompensation that is characterized by increased bladder
weight, loss of response to field stimulation, and loss of
response to direct agonist stimulation. Contractile responses
from decompensated bladders from obstructed mice dis-
played decreased force generation in response to carbachol
and KCl stimulation.40 Previous data have shown a major
loss in the expression of SERCA2 and RYR with bladder
decompensation; loss of SERCA2 (sarco/endoplasmic retic-
ulum Ca2þ-ATPase) correlated strongly with a loss of
ATPase expression.41e43 In a rabbit PBOO model, there was
a correlation between the loss of contractile force and a loss
of ATPase and RYR2 expression.35,42 Similar to the rabbit
model, these mice showed loss of RYR2, RYR3, and ATPase
expression. In this study, the functional consequences of
PBOO were inferred from our previous studies.25,38,39

Cystometry or force measurements were not performed
with the PBOO mice bladders to assess the voiding behavior
or the contraction, which is a potential limitation in this study.
The consistency of the functional changes in the murine
model of PBOO has been shown extensively.22,25,38,39

However, assessing the murine bladder function in the pre-
sent study along with molecular and biochemical measure-
ments would have allowed classifying the bladders
unequivocally as compensated or decompensated.

The present study further details the mechanism of tran-
scriptional repression of CAV1, CAV2, and CAV3 genes that
The American Journal of Pathology - ajp.amjpathol.org
occurs in BSM in the context of obstructive bladder disease.
This study demonstrates, for the first time, that GATA-6 and
NF-kB repress CAV gene transcription by binding to
GATA and kB motifs, respectively, in the CAV gene pro-
moter in human and murine BSM. Furthermore, these
results demonstrate the inverse relationship between the
CAV gene expression levels and the levels of GATA-6 and
NF-kB; silencing NF-kB and GATA-6 gene expression up-
regulates CAV gene expression in BSM tissue and cells,
whereas overexpression of GATA-6 protein sustains the
transcriptional repression of these genes in BSM cells.
Pharmacologic inhibition of GATA-6 and NF-kB in murine
bladder in vivo and in cultured human BSM cells increased
CAV1, CAV2, and CAV3 gene expression. Results from
experiments using cultured BSM cells and intact BSM tis-
sue from mice and human patients suggest that GATA-6 and
NF-kB act as transcriptional repressors; and these tran-
scription factors suppress CAV gene expression in
obstructed BSM, likely because of their increased binding to
GATA and kB motifs, respectively, in the CAV gene pro-
moters in these tissues. Collectively, these findings establish
a new mechanism by which CAV gene expression is
repressed in hypertrophied BSM in obstructive bladder
disease.

Fang et al44 recently reported that silencing the GATA-
6 gene inhibited ovalbumin-induced airway inflammation
and remodeling via CAV1, at least in part through NF-kB
in a murine model of chronic asthma. GATA-6 knock-
down markedly reduced the NF-kB p65 phosphorylation,
increased the CAV1 protein level, and attenuated the
ovalbumin-induced airway inflammation and remodeling;
however, GATA-6 gene silencing did not affect the
expression level of NF-kB p65.44 Contrarily, in this
study, GATA-6 gene silencing did not impair the binding
of NF-kB c-Rel and p50 to CAV1, CAV2, and CAV3
promoters. K-7174, a GATA-specific inhibitor that acts
861
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Figure 10 Small-molecule inhibitor of GATA and NF-kB up-regulates CAV1, CAV2, and CAV3 gene expression in human primary bladder smooth muscle
(BSM) cells. A and B: Human BSM cells were treated with a GATA-specific pharmacologic inhibitor, K-7174 (5 mmol/L), or an NF-kBespecific pharmacologic
inhibitor, BAY 11-7082 (10 mmol/L), for 48 hours. RNA and protein were extracted and subjected to RT-PCR (A) and immunoblot (B) analysis for CAV1, CAV2,
CAV3, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). C and D: Data are quantitated. Data are expressed as means � SD. n Z 4 independent
experiments (C and D). **P < 0.01 versus vehicle-treated BSM cells.

Thangavel et al
through a mechanism independent of NF-kB activity,
inhibits the binding activity of GATA family transcription
factors.33 Earlier studies have shown that the small-
molecule inhibitor of NF-kB, BAY 11-7082, inhibited
NF-kB activity and induced apoptosis in uveal melanoma
cells and in human fibroblastelike synovial cells in
rheumatoid arthritis.32,45 These data also demonstrate, for
the first time, that GATA and NF-kB inhibitors, admin-
istered via i.p. injection to mice, or to human primary
BSM cells in culture, up-regulate CAV1, CAV2, and
CAV3 gene expression; and these results are consistent
with the data obtained using genetic strategies in this
study.

Previous studies have identified two sterol regulatory
elementelike sequences and the sterol regulatory
elementebinding protein-1 that regulate CAV1 gene tran-
scription, and these elements inhibits CAV1 gene tran-
scription in response to cholesterol efflux.46 Additional
studies have shown that a complex of specificity protein 1
862
(SP-1), E2F/dimerization partner 1 (DP-1), and p53 is
involved in the regulation of CAV1 gene transcription in
response to cholesterol homeostasis in human skin fibro-
blasts.47 Forkhead box class O transcription factors directly
control CAV1 gene expression.48 Hypoxia-inducible factor
up-regulates CAV1 expression.49 Earlier studies have
shown that the transcription factor, myogenin, up-regulates
the CAV3 gene transcription during skeletal myogenesis.50

Nitrosylation of myogenin led to a reduced transcriptional
activity of this protein, which was responsible for the loss of
CAV3 transcription in skeletal muscle.51 Zhu et al52 reported
recently that overexpression of myocardin family coac-
tivators megakaryoblastic leukemia 1 (MKL1)/myocardin-
related transcription factor A (MRTF-A) activated CAV2
and CAV3 promoter reporter activity in human coronary
artery SMCs. Adenoviral transduction of rat BSM cells with
MRTF-A or myocardin increased mRNA and protein levels
of CAV genes and cavins.52 However, Zhu et al52 did not
attempt to map the binding sites in the respective promoter
ajp.amjpathol.org - The American Journal of Pathology
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Figure 11 Small-molecule inhibitor of GATA and NF-kB up-regulates CAV1, CAV2, and CAV3 gene expression in murine bladder smooth muscle (BSM)
in vivo. A and B: Mice were administrated intraperitoneally with K-7174 (30 mg/kg), BAY 11-7082 (30 mg/kg), or vehicle (dimethyl sulfoxide) once a day for 9
consecutive days. RNA and protein were extracted from bladder tissues and subjected to RT-PCR (A) and immunoblot (B) analysis for determining CAV1, CAV2,
CAV3, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression. C and D: Data from the experiments for which representative results are shown for
RNA and protein are quantitated. Data are expressed as means � SD (C and D). n Z 6 vehicle, K-7174, and BAY11-7082 (C and D). **P < 0.01 versus vehicle.

NF-kB and GATA-6 Repress CAV Genes
regions to understand how GATA-6 affects CAV and cavin
expression. We demonstrate that GATA-6 decreases CAV2
and CAV3 gene expression via the GATA motif in the
promoters and that a proximal GATA motif adjacent to the
kB motif is required for CAV2 and CAV3 gene repression.
These studies are required because they eliminate the pos-
sibility that an abundance of one transcription factor in-
fluences transcription indirectly (eg, by increasing the
expression of the other transcription factor). This study also
provides the novel finding that NF-kB down-regulates
CAV1, CAV2, and CAV3 gene expression and acts as a
transcriptional repressor of these genes. A significant
finding of the study is the involvement of GATA-6 and NF-
kB in transcriptional regulation of CAV1, CAV2, and CAV3
gene expression in pathologic smooth muscle from
dysfunctional bladders, relating the changes in the molec-
ular regulation of CAV to organ dysfunction.

The vertebrate GATA motif is a DNA sequence motif
that conforms to the consensus WGATAR (where W is A or
The American Journal of Pathology - ajp.amjpathol.org
T and R is A or G). These motifs were described initially in
the promoters of erythroid cell globin genes,53e58 and
similar GATA motifs with assigned functional significance
that conforms to this consensus sequence have been
described in the promoters of various genes involved in the
proliferation and differentiation of cardiac cells and
SMCs.59e65 GATA-6 regulates the expression of various
signaling and contractile proteins in cardiac and smooth
muscles,22,61,66e69 and GATA-6 gene deletion leads to de-
fects in embryonic development and lethality.70 Activation
of GATA-6 is strongly associated with pathophysiology of
cardiac and smooth muscle hypertrophy.22,71e73 This study
shows, for the first time, that GATA-6 represses CAV2 and
CAV3 gene expression by binding to the GATA sequence in
the promoter and decreases these gene mRNA and protein
expression levels in BSM. The NF-kB family of proteins
controls various processes in the cardiovascular system,
including differentiation, proliferation, inflammation, and
cell survival.74e76 NF-kB also supports cell proliferation
863
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through transcriptional activation of inhibitors of
apoptosis.76 NF-kB activates CPI-17 (protein kinase
Cepotentiated inhibitory protein of 17 kDa) transcription
and protein kinase Cemediated signaling. NF-kB activation
is associated with obstruction-induced BSM remodeling in
patients with BPH.69

There is a growing interest in caveolae microdomains
given their role in the sequestration and regulation of
signaling molecules.3 Because caveolae microdomains are
known to interact with several ion channels and exchangers
in cardiomyocytes, these microdomains may provide a
platform for interactions between the sarcoplasmic reticu-
lum and plasmalemmal ion channels in smooth muscle.77,78

In addition, Rho-kinase in arterial smooth muscle requires
caveolae for the membrane depolarizationeinduced
contraction.79 CAV1 KO mice displayed severe pulmo-
nary hypertension, cardiomyopathy, and impaired smooth
muscle contraction.14,80 Caveolae appear to constitute an
important signaling domain that has a role in regulation of
smooth muscle tone,81 proliferation,77,82 and contraction.83

Caveolae facilitate muscarinic receptoremediated intracel-
lular Ca2þ mobilization, which leads to airway smooth
muscle contraction by acetylcholine.84 CAV1 inhibits
myocyte proliferation via its CAV1 scaffolding domain that
binds to epidermal growth factor, platelet-derived growth
factor receptors, Src kinase, and epidermal growth factor
receptor85,86 and thereby maintains the SMC quiescent
phenotype. Caveolae stimulate transforming growth factor-
b1 signaling in human BSM cells and ureteral SMCs.12,87

CAV1 regulates the airway SMC phenotype and con-
tractile protein expression.88 Caveolae and caveolin-1 play a
significant role in p42/p44 mitogen-activated protein kinase
activation and smooth muscle proliferation in human air-
ways.82 CAV1 regulates contractility in differentiated
vascular smooth muscle.89 CAV3 regulates a switch be-
tween the proliferative and contractile phenotype in vascular
SMCs.19 In a rat animal model of PBOO, there is a down-
regulation of smooth muscle myosin heavy chain expres-
sion that is associated with decreased BSM contractility.90

Mice with SMC-specific knockout of myocardin displayed
severe urogenital phenotypes, including the thinning of the
muscle layer in the bladder91; similar effects occur with
deletion of either CAV114,17,92,93 or the cavin-193 gene.
These findings have implications in several other patho-
physiological conditions, including cardiac hypertrophy and
fibrosis, and these pathologic features include a loss of
CAV1 gene expression.80

In summary, the present study demonstrates, for the first
time, that GATA-6 and NF-kB are transcriptional repressors
of human CAV1, CAV2, and CAV3 genes in BSM. These
findings establish a new mechanism of CAV gene regulation
in which the GATA and kB motifs on the CAV promoters
mediate their cognate gene expression through GATA-6 and
NF-kB recruitment to the promoters in BSM. The data
presented in the current study should facilitate further
investigation into mechanisms mediating the loss of CAV
864
gene expression during obstruction-induced BSM remod-
eling and hypertrophy in mice and humans. Underactive
bladder is a common lower urinary tract symptom, charac-
terized by impairment of bladder emptying due to the
inability of the bladder to contract effectively in obstructive
bladder disease in men.94 There are no effective pharma-
cologic agents to improve detrusor contractility in under-
active bladder. Earlier studies have reported the use of
parasympathomimetic agents, like muscarinic receptor
agonists or anticholinesterases, to augment bladder
contractility or a-adrenoceptor antagonists to reduce bladder
outlet resistance.95 However, the use of cholinergic agonist
or the cholinesterase inhibitor did not significantly improve
contraction in patients with impaired detrusor contrac-
tility.95 Taken together, these findings emphasize the need
to identify novel therapeutic targets for pharmacologic
management of underactive bladder. In this study, admin-
istration of small-molecule inhibitors of NF-kB and GATA-
6 resulted in increased CAV gene expression in murine
BSM tissue in vivo and in human BSM cells. These results
suggest that GATA-6 and NF-kB may be a novel target to
mitigate detrusor underactivity in men with BPH-induced
bladder dysfunction.
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